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In-Text Concept Questions 
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l.a 

Make a control volume around the turbine in the steam power plant in Fig. 1.2 and 
list the flows of mass and energy that are there. 

Solution: 

We see hot high pressure steam flowing in 
at state 1 from the steam drum through a 
flow control (not shown). The steam leaves 
at a lower pressure to the condenser (heat 
exchanger) at state 2. A rotating shaft gives 
a rate of energy (power) to the electric 
generator set. 
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l.b 

Take a control volume around your kitchen refrigerator and indicate where the 
components shown in Figure 1.3 are located and show all flows of energy transfers. 

Solution: 


The valve and the 
cold line, the 
evaporator, is 
inside close to the 
inside wall and 
usually a small 
blower distributes 
cold air from the 
freezer box to the 
refrigerator room. 





The black grille in 
the back or at the 
bottom is the 
condenser that 
gives heat to the 
room air. 

The compressor 
sits at the bottom. 
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l.c 

Why do people float high in the water when swimming in the Dead Sea as compared 
with swimming in a fresh water lake? 


As the dead sea is very salty its density is higher than fresh water density. The 
buoyancy effect gives a force up that equals the weight of the displaced water. 
Since density is higher the displaced volume is smaller for the same force. 
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l.d 

Density of liquid water is p = 1008 - T/2 [kg/m 3 ] with T in °C. If the temperature 
increases, what happens to the density and specific volume? 

Solution: 

The density is seen to decrease as the temperature increases. 

Ap = - AT/2 

Since the specific volume is the inverse of the density v = 1/p it will increase. 


l.e 

A car tire gauge indicates 195 kPa; what is the air pressure inside? 

The pressure you read on the gauge is a gauge pressure, AP, so the absolute 
pressure is found as 

P = P 0 + AP = 101 + 195 = 296 kPa 



Figure 1.21 

©John Wiley & Sons, Inc All rights reserved. 
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IS 

Can I always neglect AP in the fluid above location A in figure 1.13? What does that 
depend on? 

If the fluid density above A is low relative to the manometer fluid then you 
neglect the pressure variation above position A, say the fluid is a gas like air and the 
manometer fluid is like liquid water. However, if the fluid above A has a density of 
the same order of magnitude as the manometer fluid then the pressure variation with 
elevation is as large as in the manometer fluid and it must be accounted for. 

lg 

A U tube manometer has the left branch connected to a box with a pressure of 1 10 
kPa and the right branch open. Which side has a higher column of fluid? 


Solution: 

Since the left branch fluid surface 
feels 110 kPa and the right branch 
surface is at 100 kPa you must go 
further down to match the 110 kPa. 
The right branch has a higher column 
of fluid. 
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Concept Problems 
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1.1 

Make a control volume around the whole power plant in Fig. 1.1 and with the help of 
Fig. 1.2 list what flows of mass and energy are in or out and any storage of energy. 
Make sure you know what is inside and what is outside your chosen C.V. 


Solution: 



] 


W 


Combustion air 
Underground 1 electrical 
power cable 

District heating: 

Cold return 


Flue gas 

A 


\7 

m 


Hot water 


m 


m 


Storage for later 
transport out: 

Gypsum, fly ash, slag 


m 


Coal 


m<3 
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1.2 

Make a control volume around the refrigerator in Fig. 1.3. Identify the mass flow of 
external air and show where you have significant heat transfer and where storage 
changes. 


The valve and the 
cold line, the 
evaporator, is 
inside close to the 
inside wall and 
usually a small 
blower distributes 
cold air from the 
freezer box to the 
refrigerator room. 



The black grille in 
the back or at the 
bottom is the 
condenser that 
gives heat to the 
room air. 

The compressor 
sits at the bottom. 


The storage changes inside the box which is outside of the refrigeration cycle 
components of Fig. 1 .3, when you put some warmer mass inside the refrigerator it is 
being cooled by the evaporator and the heat is leaving in the condenser. 

The condenser warms outside air so the air flow over the condenser line carries away 
some energy. If natural convection is not enough to do this a small fan is used to 
blow air in over the condenser (forced convection). Likewise the air being cooled by 
the evaporator is redistributed inside the refrigerator by a small fan and some ducts. 

Since the room is warmer than the inside of the refrigerator heat is transferred into 
the cold space through the sides and the seal around the door. Also when the door is 
opened warm air is pulled in and cold air comes out from the refrigerator giving a 
net energy transfer similar to a heat transfer. 
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1.3 

Separate the list P, F, V, v, p, T, a, m, L, t, and V into intensive, extensive, and non- 
properties. 

Solution: 

Intensive properties are independent upon mass: P, v, p, T 
Extensive properties scales with mass: V, m 

Non-properties: F, a, L, t, V 

Comment: You could claim that acceleration a and velocity V are physical 
properties for the dynamic motion of the mass, but not thermal properties. 
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1.4 

A tray of liquid water is placed in a freezer where it cools from 20°C to -5°C. Show 
the energy flow(s) and storage and explain what changes. 


Inside the freezer box, the walls are very cold as they are the outside of the 
evaporator, or the air is cooled and a small fan moves the air around to redistribute 
the cold air to all the items stored in the freezer box. The fluid in the evaporator 
absorbs the energy and the fluid flows over to the compressor on its way around the 
cycle, see Fig. 1.3. As the water is cooled it eventually reaches the freezing point and 
ice starts to form. After a significant amount of energy is removed from the water it 

is turned completely into ice (at 0°C) and then cooled a little more to -5°C. The 
water has a negative energy storage and the energy is moved by the refrigerant fluid 
out of the evaporator into the compressor and then finally out of the condenser into 
the outside room air. 



©C. Borgnakke 
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1.5 

The overall density of fibers, rock wool insulation, foams and cotton is fairly low. 
Why is that? 

Solution: 

All these materials consist of some solid substance and mainly air or other gas. 
The volume of fibers (clothes) and rockwool that is solid substance is low relative 
to the total volume that includes air. The overall density is 

m m solid + m air 

P = v = v + V . 

v v solid T v air 

where most of the mass is the solid and most of the volume is air. If you talk 
about the density of the solid only, it is high. 
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1.6 

Is density a unique measure of mass distribution in a volume? Does it vary? If so, on 
what kind of scale (distance)? 

Solution: 

Density is an average of mass per unit volume and we sense if it is not evenly 
distributed by holding a mass that is more heavy in one side than the other. 
Through the volume of the same substance (say air in a room) density varies only 
little from one location to another on scales of meter, cm or mm. If the volume 
you look at has different substances (air and the furniture in the room) then it can 
change abruptly as you look at a small volume of air next to a volume of 
hardwood. 

Finally if we look at very small scales on the order of the size of atoms the density 
can vary infinitely, since the mass (electrons, neutrons and positrons) occupy very 
little volume relative to all the empty space between them. 
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1.7 

Water in nature exists in different phases such as solid, liquid and vapor (gas). 
Indicate the relative magnitude of density and specific volume for the three phases. 

Solution: 

Values are indicated in Figure 1.8 as density for common substances. More 
accurate values are found in Tables A. 3, A.4 and A. 5 

Water as solid (ice) has density of around 900 kg/m 

Water as liquid has density of around 1000 kg/m 

Water as vapor has density of around 1 kg/m (sensitive to P and T) 



Ice cube Liquid drops falling Cloud* 

* Steam (water vapor) cannot be seen, what you see are tiny drops suspended in air from 
which we infer that there was some water vapor before it condensed. 
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1.8 

What is the approximate mass of 1 L of gasoline? Of helium in a balloon at T 0 , P 0 ? 
Solution: 

Gasoline is a liquid slightly lighter than liquid water so its density is smaller than 
1000 kg/m 3 . 1 L is 0.001 m 3 which is a common volume used for food items. 

A more accurate density is listed in Table A. 3 as 750 kg/m 3 so the mass becomes 

m = p V = 750 kg/m 3 x 0.001 m 3 = 0.75 kg 

The helium is a gas highly sensitive to P and T, so its density is listed at the 
standard conditions (100 kPa, 25C) in Table A. 5 as p = 0.1615 kg/m 3 , 

m = p V = 0.1615 kg/m 3 x 0.001 m 3 = 1.615 x 10 4 kg 
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1.9 

Can you carry 1 m 3 of liquid water? 

Solution: 

The density of liquid water is about 1000 kg/m from Figure 1.7, see also Table 
A. 3. Therefore the mass in one cubic meter is 

m = pV = 1000 kg/m 3 x 1 m 3 = 1000 kg 
and we can not carry that in the standard gravitational field. 
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1.10 

A heavy refrigerator has four height-adjustable feet. What feature of the feet will 
ensure that they do not make dents in the floor? 

Answer: 

The area that is in contact with the floor supports the total mass in the 
gravitational field. 

F = PA = mg 


so for a given mass the smaller the area is the larger the pressure becomes. 
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1.11 

A swimming pool has an evenly distributed pressure at the bottom. Consider a stiff 
steel plate lying on the ground. Is the pressure below it just as evenly distributed? 

Solution: 

The pressure is force per unit area from page 13: 

P = F/A = mg/A 

The steel plate can be reasonable plane and flat, but it is stiff and rigid. However, 
the ground is usually uneven so the contact between the plate and the ground is 
made over an area much smaller than the actual plate area. Thus the local pressure 
at the contact locations is much larger than the average indicated above. 

The pressure at the bottom of the swimming pool is very even due to the ability of 
the fluid (water) to have full contact with the bottom by deforming itself. This is 
the main difference between a fluid behavior and a solid behavior. 


Steel plate 
Ground 


1.12 

What physically determines the variation of the atmospheric pressure with elevation? 

The total mass of the column of air over a unit area and the gravitation gives the 
force which per unit area is pressure. This is an integral of the density times 
gravitation over elevation as in Eq.1.4. 

To perform the integral the density and gravitation as a function of height (elevation) 
should be known. Later we will learn that air density is a function of temperature and 
pressure (and compositions if it varies). Standard curve fits are known that describes 
this variation and you can find tables with the information about a standard 
atmosphere. See problems 1.28, 1.64, and 1.95 for some examples. 
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1.13 

Two divers swim at 20 m depth. One of them swims right in under a supertanker; the 
other stays away from the tanker. Who feels a greater pressure? 



Solution: 

Each one feels the local pressure which is the static pressure only a function of 
depth. 


P 


ocean 


= P 0 + AP = P Q + pgH 


So they feel exactly the same pressure. 
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1.14 

A manometer with water shows a AP of P o /20; what is the column height difference? 
Solution: 


AP = P o /20 = pHg 


H = P o /(20 p g) = 

= 0.502 m 


101.3 x 1000 Pa 


20 x 997 kg/m 3 x 9.80665 m/s 2 
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1.15 

Does the pressure have to be uniform for equilibrium to exist? 

No. It depends on what causes a pressure difference. Think about the pressure 
increasing as you move down into the ocean, the water at different levels are in 
equilibrium. However if the pressure is different at nearby locations at same 
elevation in the water or in air that difference induces a motion of the fluid from 
the higher towards the lower pressure. The motion will persist as long as the 
pressure difference exist. 
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1.16 

A water skier does not sink too far down in the water if the speed is high enough. 
What makes that situation different from our static pressure calculations? 

The water pressure right under the ski is not a static pressure but a static plus 
dynamic pressure that pushes the water away from the ski. The faster you go, the 
smaller amount of water is displaced, but at a higher velocity. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


1.17 

What is the lowest temperature in degrees Celsuis? In degrees Kelvin? 
Solution: 


The lowest temperature is absolute zero which is 
at zero degrees Kelvin at which point the 
temperature in Celsius is negative 

T k = 0K = -273.15 °C 
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1.18 

Convert the formula for water density in In-text Concept Question “d” to be for T in 
degrees Kelvin. 

Solution: 

p = 1008 - T c /2 [kg/m 3 ] 

We need to express degrees Celsius in degrees Kelvin 

T C = T K - 273.15 
and substitute into formula 

p = 1008 - T c /2 = 1008 - (T k - 273.15)/2 = 1144.6 - T K /2 
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1.19 

A thermometer that indicates the temperature with a liquid column has a bulb with a 
larger volume of liquid, why is that? 

The expansion of the liquid volume with temperature is rather small so by having 
a larger volume expand with all the volume increase showing in the very small 
diameter column of fluid greatly increases the signal that can be read. 
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1.20 


What is the main difference between the macroscopic kinetic energy in a motion 
like the blowing of wind versus the microscopic kinetic energy of individual 
molecules? Which one can you sense with your hand? 

Answer: 

The microscopic kinetic energy of individual molecules is too small for us to 
sense however when the combined action of billions (actually more like in the 
order of 1 E19) are added we get to the macroscopic magnitude we can sense. The 
wind velocity is the magnitude and direction of the averaged velocity over many 
molecules which we sense. The individual molecules are moving in a random 
motion (with zero average) on top of this mean (or average) motion. A 
characteristic velocity of this random motion is the speed of sound, around 340 
m/s for atmospheric air and it changes with temperature. 
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1.21 


How can you illustrate the binding energy between the three atoms in water as 
they sit in a tri-atomic water molecule. Hint: imagine what must happen to create 
three separate atoms. 

Answer: 

If you want to separate the atoms you must pull them apart. Since they are bound 
together with strong forces (like non-linear springs) you apply a force over a 
distance which is work (energy in transfer) to the system and you could end up 
with two hydrogen atoms and one oxygen atom far apart so they no longer have 
strong forces between them. If you do not do anything else the atoms will sooner 
or later recombine and release all the energy you put in and the energy will come 
out as radiation or given to other molecules by collision interactions. 
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Properties, Units, and Force 
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1.22 

An apple “weighs” 60 g and has a volume of 75 cm 3 in a refrigerator at 8°C. 
What is the apple density? List three intensive and two extensive properties of the 
apple. 

Solution: 


m 0.06 kg kg 

p = V = 0.000 075 m 3 = 800 m 3 

Intensive 

kg 

p = 800-^; 

m 

T = 8°C; 

Extensive 

m = 60 g = 0.06 kg 

V = 75 cm 3 = 0.075 L = 0.000 075 m 3 


1 nr 

v = — =0.001 25 -r- 
P kg 

P = 101 kPa 
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1.23 

One kilopond (1 kp) is the weight of 1 kg in the standard gravitational field. How 
many Newtons (N) is that? 

F = ma = mg 

1 kp = 1 kg x 9.807 m/s 2 = 9.807 N 
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1.24 

A stainless steel storage tank contains 5 kg of oxygen gas and 7 kg of nitrogen 
gas. How many kmoles are in the tank? 


Table A.2: M Q2 = 31.999 ; M N2 =28.013 
/ 5 

— mQ2 Mq 2 — ^ ^ 999 — 0.15625 kmol 
n 02 = m N2 ^ M N2 = 28.013 = °' 24988 101101 
n tot = n 02 + n N2 = 0-15625 + 0.24988 = 0.40613 kmol 
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1.25 

A steel cylinder of mass 4 kg contains 4 L of liquid water at 25°C at 100 kPa. 
Find the total mass and volume of the system. List two extensive and three 
intensive properties of the water 

Solution: 

Density of steel in Table A. 3: p 

Volume of steel: V 

Density of water in Table A. 4: p 
Mass of water: m = pV = 

Total mass: m = m stee j + m water = 4 + 3.988 = 7.988 kg 

Total volume: V = V stee i + V water = 0.000 512 + 0.004 

= 0.004 512 m 3 = 4.51 L 


= 7820 kg/m 3 

= m/p = 782Q k g /m 3 = 0-000 512 m 3 
= 997 kg/m 3 

= 997 kg/m 3 x 0.004 m 3 = 3.988 kg 


Extensive properties: m, V 

Intensive properties: p (or v = 1/p), T, P 
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1.26 

The “standard” acceleration (at sea level and 45° latitude) due to gravity is 

9.80665 m/s 2 . What is the force needed to hold a mass of 2 kg at rest in this 
gravitational field? How much mass can a force of 1 N support? 

Solution: 


ma = 0 = ZF = F- mg 
F = mg = 2 kg x 9.80665 m/s 2 = 19.613 N 


F = mg 
F 

m = — = 
g 


=> 


1 N 

9.80665 m/s 2 


0.102 kg 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 




Borgnakke and Sonntag 


1.27 

An aluminum piston of 2.5 kg is in the standard gravitational field where a force 
of 25 N is applied vertically up. Find the acceleration of the piston. 


Solution: 


F up = ma = F - mg 


a = 


F - mg _F 


m 
25 N 


m 


g 


“ 2.5 kg 

= 0.193 ms 2 


- 9.807 m/s 2 
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1.28 

When you move up from the surface of the earth the gravitation is reduced as g = 

9.807 - 3.32 x 10" 6 z, with z as the elevation in meters. How many percent is the 
weight of an airplane reduced when it cruises at 1 1 000 m? 

Solution: 


g 0 = 9.807 ms' 2 

g H = 9.807 - 3.32 x 10' 6 x 11 000 = 9.7705 ms' 2 
W G = mg Q ; W H = mg H 

9.7705 

W H /W o = g H / go= ^8 o7 = 0 - 9963 
Reduction = 1 - 0.9963 = 0.0037 or 0.37% 
i.e. we can neglect that for most applications. 
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1.29 

A car rolls down a hill with a slope so the gravitational “pull” in the direction of 
motion is one tenth of the standard gravitational force (see Problem 1.26). If the 
car has a mass of 2500 kg find the acceleration. 

Solution: 


ma = X F = mg / 10 
a = mg / 10m = g/10 

= 9.80665 (m/s 2 ) / 10 

= 0.981 m/s 2 



This acceleration does not depend on the mass of the car. 
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1.30 

A van is driven at 60 km/h and is brought to a full stop with constant deceleration 
in 5 seconds. If the total car and driver mass is 2075 kg find the necessary force. 

Solution: 


Acceleration is the time rate of change of velocity. 


dV 60 x 1000 
dt _ 3600 x 5 


= 3.333 m/s 2 


ma = I F ; 

Fnet = ma = 2075 kg x 3.333 m/s 2 = 6916 N 
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1.31 

A 1500-kg car moving at 20 km/h is accelerated at a constant rate of 4 m/s 2 up to 
a speed of 75 km/h. What are the force and total time required? 

Solution: 


dV AV 

a “ dt “ At -> 

_ AV _ (75 - 20) km/h x 1000 m/km 
a 3600 s/h x 4 m/s 2 

F = ma = 1500 kg x 4 m/s 2 = 6000 N 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


1.32 

On the moon the gravitational acceleration is approximately one-sixth that on the 
surface of the earth. A 5 -kg mass is “weighed” with a beam balance on the surface 
on the moon. What is the expected reading? If this mass is weighed with a spring 
scale that reads correctly for standard gravity on earth (see Problem 1.26), what is 
the reading? 

Solution: 

Moon gravitation is: g = gg^.p/6 




Beam Balance Reading is 5 kg 
This is mass comparison 


Spring Balance Reading is in kg units 
Force comparison length oc F oc g 

5 

Reading will be ^ kg 
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1.33 

The elevator in a hotel has a mass of 750 kg, and it carries six people with a total 
mass of 450 kg. How much force should the cable pull up with to have an 
acceleration of 1 m/s 2 in the upwards direction? 

Solution: 


The total mass moves upwards with an 
acceleration plus the gravitations acts 
with a force pointing down. 


ma = lF = F- mg 


F = ma + mg = m(a + g) 

= (750 + 450) kg x (1 + 9.81) m/s 2 

= 12 972 N 



F 




g 
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1.34 

One of the people in the previous problem weighs 80 kg standing still. How much 
weight does this person feel when the elevator starts moving? 


Solution: 

The equation of motion is 

ma = I F = F - mg 

so the force from the floor becomes 

F = ma + mg = m(a + g) 

= 80 kg x (1 + 9.81) m/s 2 
= 864.8 N 
= x kg x 9.81 m/s 2 

Solve for x 

x = 864.8 N/ 9.81 m/s 2 = 88.15 kg 

The person then feels like having a mass of 88 kg instead of 80 kg. The weight 
is really force so to compare to standard mass we should use kp. So in this 
example the person is experiencing a force of 88 kp instead of the normal 80 kp. 
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1.35 

A bottle of 12 kg steel has 1.75 kmole of liquid propane. It accelerates horizontal 
with 3 m/s 2 , what is the needed force? 

Solution: 

The molecular weight for propane is M = 44.094 from Table A. 2. The force 
must accelerate both the container mass and the propane mass. 

m = m steel + m propane = 12 + (1-75 x 44.094) = 90.645 kg 


ma = lF => 

F = ma = 90.645 kg x 3 m/s 2 = 271.9 N 
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1.36 

Some steel beams with a total mass of 700 kg are raised by a crane with an 
acceleration of 2 m/s 2 relative to the ground at a location where the local 
gravitational acceleration is 9.5 m/s 2 . Find the required force. 


Solution: 

F = ma = F up - mg 

F up = ma + mg = 700 kg ( 2 + 9.5 ) 
m/s 2 

= 80 500 N 
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1.37 

Aim 3 container is filled with 400 kg of granite stone, 200 kg dry sand and 0.2 

m 3 of liquid 25°C water. Use properties from tables A. 3 and A.4. Find the 
average specific volume and density of the masses when you exclude air mass and 
volume. 

Solution: 

Specific volume and density are ratios of total mass and total volume. 
m iiq = ^lk/ V liq = ^liq Pliq = Ul 3 X 997 kg/m 3 = 199.4 kg 
m T 0 T =m t + m ri + m r =400 + 200 + 199.4 =799.4 kg 

TOT stone sand liq & 

V stone = mv = m/p = 400 kg/ 2750 kg/m 3 = 0.1455 m 3 

V , = mv = m/p = 200/ 1500 = 0.1333 m 3 

sand r 

V = v + v + V 
TOT stone sand liq 

= 0.1455 + 0.1333 + 0.2 = 0.4788 m 3 



v = V T0T / m TOT = 0.4788/799.4 = 0.000599 m 3 /kg 
p = 1/v = m xoT^TOT = 799.4/0.4788 = 1669.6 kg/m 3 
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1.38 

A power plant that separates carbon-dioxide from the exhaust gases compresses it 
to a density of 1 10 kg/m 3 and stores it in an un-minable coal seam with a porous 
volume of 100 000 m 3 . Find the mass they can store. 

Solution: 

m = p V = 1 10 kg/m 3 x 100 000 m 3 = 1 1 x 10 6 kg 
Comment: 

Just to put this in perspective a power plant that generates 2000 MW by burning 
coal would make about 20 million tons of carbon-dioxide a year. That is 2000 
times the above mass so it is nearly impossible to store all the carbon-dioxide 
being produced. 
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1.39 

A 15-kg steel gas tank holds 300 L of liquid gasoline, having a density of 800 
kg/m 3 . If the system is decelerated with 2g what is the needed force? 


Solution: 


m - m tank + m gasoline 
= 15 kg + 0.3 m 3 x 800 kg/m 3 
= 255 kg 

F = ma = 255 kg x 2 x 9.81 m/s 2 

= 5003 N 
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1.40 

A 5 m 3 container is filled with 900 kg of granite (density 2400 kg/m 3 ) and the 
rest of the volume is air with density 1.15 kg/m 3 . Find the mass of air and the 
overall (average) specific volume. 


Solution: 


m a ir = p V = p air ( V tot - 


m 


granite 


) 


= 1.15 [5 - 


V 


900 


2400 


] = 1.15 x 4.625 = 5.32 kg 




m _ 900 + 5.32 


= 0.005 52 m 3 /kg 


Comment: Because the air and the granite are not mixed or evenly distributed in 
the container the overall specific volume or density does not have much meaning. 
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1.41 

A tank has two rooms separated by a membrane. Room A has 1 kg air and volume 

0.5 m 3 , room B has 0.75 m 3 air with density 0.8 kg/m 3 . The membrane is broken 
and the air comes to a uniform state. Find the final density of the air. 

Solution: 

Density is mass per unit volume 
m = m A + m B = m A + p B V B = 1 + 0.8 x 0.75 = 1.6 kg 


V = V A + V B = 0.5 + 0.75 = 1.25 m 3 
m 1.6 kg , 

P = V = r25rf =1 - 28k 8 /m 
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1.42 

One kilogram of diatomic oxygen (O 2 molecular weight 32) is contained in a 500- 
L tank. Find the specific volume on both a mass and mole basis (v and v). 

Solution: 

From the definition of the specific volume 

v = — = 0.5 m 3 /kg 

m 1 kg 

V = ~ = m ^y| = M v = 32 kg/kmol x 0.5 m 3 /kg = 16 m Vkmol 
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Pressure 
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1.43 

A 5000-kg elephant has a cross sectional area of 0.02 m 2 on each foot. Assuming 
an even distribution, what is the pressure under its feet? 

Force balance: ma = 0 = PA - mg 

P = mg/A = 5000 kg x 9.81 m/s 2 /(4 x 0.02 m 2 ) 

= 613 125 Pa = 613 kPa 
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1.44 

A valve in a cylinder has a cross sectional area of 1 1 cm 2 with a pressure of 735 
kPa inside the cylinder and 99 kPa outside. How large a force is needed to open 
the valve? 



P. A-P 

in 


out 


A 


= (735 - 99) kPa x 1 1 cm 2 
= 6996 kPa cm 2 

= 6996 x — y x 10‘ 4 m 2 
m z 

= 700 N 
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1.45 

The hydraulic lift in an auto-repair shop has a cylinder diameter of 0.2 m. To what 
pressure should the hydraulic fluid be pumped to lift 40 kg of piston/arms and 700 
kg of a car? 


Solution: 

Force acting on the mass by the gravitational field 

F>t = ma = mg = 740 x 9.80665 = 7256.9 N = 7.257 kN 
Force balance: FT = ( P - P q ) A = FnI- => P = P 0 + F^ / A 


A = n D 2 (1 / 4) = 0.031416 m 2 

7.257 kN 

P = 101 kPa + ^ 9 = 332 kPa 

0.031416 m 2 
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1.46 

A hydraulic lift has a maximum fluid pressure of 500 kPa. What should the 
piston-cylinder diameter be so it can lift a mass of 850 kg? 

Solution: 


With the piston at rest the static force balance is 

FT = P A = FnI< = mg 
A = n r 2 = n D 2 /4 

PA = P n D 2 /4 = mg => D 2 = 77 ^ 

0 P n 


D = 2 



850 kg x 9.807 m/s 2 
500 kPa x n x 1000 (Pa/kPa) 


= 0.146 m 
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1.47 

A laboratory room keeps a vacuum of 0.1 kPa. What net force does that put on the 
door of size 2 m by 1 m? 

Solution: 

The net force on the door is the difference between the forces on the two sides as 
the pressure times the area 


F = P ou tside A - Pinside A = AP A = 0. 1 kPa x 2 m x 1 m = 200 N 


Remember that kPa is kN/m 2 . 



p abs= Po- AP 
AP = 0.1 kPa 
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1.48 

A vertical hydraulic cylinder has a 125-mm diameter piston with hydraulic fluid 
inside the cylinder and an ambient pressure of 1 bar. Assuming standard gravity, 
find the piston mass that will create a pressure inside of 1500 kPa. 

Solution: 


Force balance: 

FT = PA = = P Q A + m p g; 

P Q = 1 bar = 100 kPa 

A = (ti/4) D 2 = (tt/4) x 0.125 2 = 0.01227 m 2 



g 

V 


m p = (P-P 0 )^=(1500 

= 1752 kg 


100 ) kPa x 1000 Pa/kPa x 


0.01227 m 2 
9.80665 m/s 2 
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1.49 

A 75-kg human footprint is 0.05 m 2 when the human is wearing boots. Suppose 
you want to walk on snow that can at most support an extra 3 kPa; what should 
the total snowshoe area be? 

Force balance: ma = 0 = PA - mg 



75 kg x 9.81 m/s 2 
3 kPa 


= 0.245 m 2 
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1.50 

A piston/cylinder with cross sectional area of 0.01 m~ has a piston mass of 100 kg 
resting on the stops, as shown in Fig. PI. 50. With an outside atmospheric pressure 
of 100 kPa, what should the water pressure be to lift the piston? 

Solution: 

The force acting down on the piston comes from gravitation and the 
outside atmospheric pressure acting over the top surface. 


Force balance: FT = F>t = PA = nipg + P Q A 

Now solve for P (divide by 1000 to convert to kPa for 2 nd term) 


m p g 100 x 9.80665 , 

p - p 0 + a _ 100 kPa + 0.01 x 1000 kPa 

= 100 kPa + 98.07 kPa = 198 kPa 


cb 

j Watei~ 
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1.51 

A large exhaust fan in a laboratory room keeps the pressure inside at 10 cm water 
vacuum relative to the hallway. What is the net force on the door measuring 1.9 m 
by 1.1 m? 

Solution: 


The net force on the door is the difference between the forces on the two sides as 
the pressure times the area 



P 


outside 


A-P 


inside 


A = AP x A 


= 10 cm H 2 0 x 1.9 m x 1.1m 

= 0.10 x 9.80638 kPa x 2.09 m 2 

= 2049 N 


Table A.l: 1 m H 2 0 is 9.80638 kPa and kPa is kN/m 2 . 
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1.52 

A tornado rips off a 100 m 2 roof with a mass of 1000 kg. What is the minimum 
vacuum pressure needed to do that if we neglect the anchoring forces? 

Solution: 


The net force on the roof is the difference between the forces on the two sides as 
the pressure times the area 



Pi 


inside 


^ ^outside^ ^ A 


That force must overcome the gravitation mg, so the balance is 
AP A = mg 


AP = mg/ A = (1000 kg x 9.807 m/s 2 )/100 m 2 = 98 Pa = 0.098 kPa 
Remember that kPa is kN/m 2 . 
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1.53 

A 5-kg cannon-ball acts as a piston in a cylinder with a diameter of 0.15 m. As the 
gun-powder is burned a pressure of 7 MPa is created in the gas behind the ball. 
What is the acceleration of the ball if the cylinder (cannon) is pointing 
horizontally? 

Solution: 

The cannon ball has 101 kPa on the side facing the atmosphere, 
ma = F = P] x A - Pq x A = (Pj - Pq ) x A 

= (7000- 101) kPax n ( 0.15 2 /4 ) m 2 = 121.9 kN 
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1.54 

Repeat the previous problem for a cylinder (cannon) pointing 40 degrees up 
relative to the horizontal direction. 

Solution: 


ma = F = (Pi-Po)A - mg sin 40° 

ma = (7000 - 101 ) kPa x n x ( 0.15 2 / 4 ) m 2 - 5 x 9.807 x 0.6428 N 
= 121.9 kN- 31.52 N= 121.87 kN 
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1.55 

A 2.5 m tall steel cylinder has a cross sectional area of 1.5 m 2 . At the bottom with 
a height of 0.5 m is liquid water on top of which is a 1 m high layer of gasoline. 
This is shown in Fig. PI. 55. The gasoline surface is exposed to atmospheric air at 
101 kPa. What is the highest pressure in the water? 

Solution: 

The pressure in the fluid goes up with the depth as 

P = P. + AP = P. + pgh 
top top 

and since we have two fluid layers we get 

^ — ^top + [(P h )gasoline + W water^ ® 

The densities from Table A.4 are: 
p .. = 750 kg/m 3 ; 

'gasoline & ’ 

P = 101 kPa + [750 x 
= 113.2 kPa 


p . = 997 kg/m 3 

r water & 

? 9.807 2 

+ 997 x 0.5] kg/nT x j (m/s ; (kPa/Pa) 


1 


1 m 


0.5 m 
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1.56 

An underwater buoy is anchored at the seabed with a cable, and it contains a total 
mass of 250 kg. What should the volume be so that the cable holds it down with a 
force of 1000 N? 

Solution: 

We need to do a force balance on the system at rest and the combined pressure 
over the buoy surface is the buoyancy (lift) equal to the “weight” of the displaced 
water volume 


ma = 0 = m H20 g - mg - F 

= PH20 V g- m §- F 

V = (mg + F)/ p H2G g = (m + F/g)/ p H2Q 

= (250 kg + 1000 N/9.81 m/s 2 ) / 997 kg/m 3 

= 0.353 m 3 
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1.57 

At the beach, atmospheric pressure is 1025 mbar. You dive 15 m down in the 
ocean and you later climb a hill up to 250 m elevation. Assume the density of 

water is about 1000 kg/m and the density of air is 1.18 kg/m . What pressure do 
you feel at each place? 

Solution: 

AP = pgh, 

Units from A.l: 1 mbar = 100 Pa (1 bar = 100 kPa). 


P^ = P n + AP = 1025 x 100 Pa + 1000 kg/m 3 x 9.81 m/s 2 x 15 m 

UkCdll u 

= 2.4965 X 10 5 Pa = 250 kPa 

p hm = P Q - AP = 1025 x 100 Pa - 1.18 kg/m 3 x 9.81 m/s 2 x 250 m 
= 0.99606 x 10 5 Pa = 99.61 kPa 
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1.58 

What is the pressure at the bottom of a 5 m tall column of fluid with atmospheric 
pressure 101 kPa on the top surface if the fluid is 

a) water at 20°C b) glycerine 25°C or c) gasoline 25°C 

Solution: 

Table A.4: p H 20 = 997 kg/m 3 ; p G i yc = 1260 kg/m 3 ; p gaso ime = 750 kg/m 3 

AP = pgh P = P top + AP 


a) AP = pgh = 997 x 9.807x 5 = 48 888 Pa 

P = 101 + 48.99 = 149.9 kPa 

b) AP = pgh = 1260x 9.807x 5 = 61 784 Pa 

P= 101 +61.8 = 162.8 kPa 

c) AP = pgh = 750x 9.807x 5 = 36 776 Pa 

P = 101 + 36.8 = 137.8 kPa 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


1.59 

A steel tank of cross sectional area 3 m 2 and 16 m tall weighs 10 000 kg and it is 
open at the top, as shown in Fig. PI. 59. We want to float it in the ocean so it 
sticks 10 m straight down by pouring concrete into the bottom of it. How much 
concrete should I put in? 

Solution: 

The force up on the tank is from the water 
pressure at the bottom times its area. The 
force down is the gravitation times mass and 
the atmospheric pressure. 

Ft = PA = (p gh + P n )A 

vr ocean fe 0 7 

Ft = (nr , + m . )g + P n A 
v tank concrete 7 & 0 

The force balance becomes 

Ft = Ft = (p gh + P n )A = (m t . + m )g + P n A 
vr ocean & 0 7 v tank concrete 7 & 0 

Solve for the mass of concrete 

m = (p hA - nr J = 997 x 10 x 3 - 10 000 = 19 910 kg 

concrete ocean tank 7 & 

Notice: The first term is the mass of the displaced ocean water. The force 
up is the weight (mg) of this mass called buoyancy which balances 
with gravitation and the force from P () cancel. 


J 


L 




Air 


Concrete 


Ocean 
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1.60 

A piston, nip= 5 kg, is fitted in a cylinder, A = 15 cm 2 , that contains a gas. The 

setup is in a centrifuge that creates an acceleration of 25 m/s 2 in the direction of 
piston motion towards the gas. Assuming standard atmospheric pressure outside 
the cylinder, find the gas pressure. 

Solution: 


Force balance: 


FT = = P 0 A + 


m pg = PA 



Po + 


m pg 

A 


= 101.325 + 

= 184.7 kPa 


5 x 25 

1000 X 0.0015 


kPa kg m/s 2 
Pa m 2 


9 


t 
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1.61 

Liquid water with density p is filled on top of a thin piston in a cylinder with 
cross-sectional area A and total height H, as shown in Fig. PI. 61. Air is let in 
under the piston so it pushes up, spilling the water over the edge. Derive the 
formula for the air pressure as a function of piston elevation from the bottom, h. 


Solution: 


PO 



Force balance 
Piston: FT = F>t 
PA = P q A + m H2Q g 

P = P 0 + m H 2 0§ /A 

P = P ( ) + (H - h)pg 


▲ 
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Manometers and Barometers 
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1.62 

A probe is lowered 16 m into a lake. Find the absolute pressure there? 

Solution: 

The pressure difference for a column is from Eq.1.2 and the density of water is 
from Table A.4. 


AP = pgH 

= 997 kg/m 3 x 9.81 m/s 2 x 16 m 
= 156 489 Pa = 156.489 kPa 


ocean 


= p 0 + AP 


= 101.325 + 156.489 

= 257.8 kPa 
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1.63 

The density of atmospheric air is about 1.15 kg/m , which we assume is constant. 
How large an absolute pressure will a pilot see when flying 2000 m above ground 
level where the pressure is 101 kPa. 

Solution: 

Assume g and p are constant then the pressure difference to carry a 
column of height 2000 m is from Fig. 2. 10 

AP = pgh =1.15 kg/m 3 x 9.807 ms ' 2 x 2000 m 
= 22 556 Pa = 22.6 kPa 

The pressure on top of the column of air is then 

P = P Q - AP = 101 - 22.6 = 78.4 kPa 
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1.64 

The standard pressure in the atmosphere with elevation ( H) above sea level can be 
correlated as P = Pq (1 - H/L ) 5 ' 26 with L = 44 300 m. With the local sea level 
pressure Pq at 101 kPa, what is the pressure at 10 000 m elevation? 


P = P 0 (1 - H/L) 5 - 26 

= 101 kPa (1 - 10 000/44 300) 5 ' 26 

= 26.3 kPa 
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1.65 

A barometer to measure absolute pressure shows a mercury column height of 725 

mm. The temperature is such that the density of the mercury is 13 550 kg/m . 
Find the ambient pressure. 

Solution: 


Hg : L = 725 mm = 0.725 m; p = 13 550 kg/m 3 
The external pressure P balances the column of height L so from Fig. 1.14 

P = p L g = 13 550 kg/m 3 x 9.80665 m/s 2 x 0.725 m x 10' 3 kPa/Pa 

= 96.34 kPa 


This is a more common type that does 
not involve mercury as an older wall 
mounted unit. 


pointer 



vacuum chamber 


spindle 
lever 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


1.66 

A differential pressure gauge mounted on a vessel shows 1.25 MPa and a local 
barometer gives atmospheric pressure as 0.96 bar. Find the absolute pressure 
inside the vessel. 

Solution: 

Convert all pressures to units of kPa. 

P paime = 1-25 MPa = 1250 kPa; 
gauge 

P Q = 0.96 bar = 96 kPa 
P = P gauge + P 0 = 1250 + 96 = 1346 kPa 
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1.67 

A manometer shows a pressure difference of 1 m of liquid mercury. Find AP in kPa. 
Solution: 


Hg : L = 1 m; p = 13 580 kg/m 3 from Table A. 4 (or read Fig 1.8) 

The pressure difference AP balances the column of height L so from Eq.1.2 

AP = p g L = 13 580 kg/m 3 x 9.80665 m/s 2 x 1.0 m x 10" ^ kPa/Pa 

= 133.2 kPa 
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1.68 

Blue manometer fluid of density 925 kg/m 3 shows a column height difference of 
3 cm vacuum with one end attached to a pipe and the other open to P Q = 101 kPa. 

What is the absolute pressure in the pipe? 


Solution: 

Since the manometer shows a vacuum we have 

P = P - AP 

r PIPE r 0 

AP = pgh = 925 kg/m 3 x 9.807 m/s 2 x 0.03 m 
= 272.1 Pa = 0.272 kPa 
PpiPE = 101 - 0.272 = 100.73 kPa 
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1.69 

What pressure difference does a 10 m column of atmospheric air show? 
Solution: 

The pressure difference for a column is from Eq.1.2 
AP = pgH 

So we need density of air from Fig. 2.8 or Table A. 5, p = 1.2 kg/m 
AP = 1.2 kg/m 3 x 9.81 ms' 2 x 10 m = 117.7 Pa = 0.12 kPa 
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1.70 

A barometer measures 760 mmHg at street level and 735 mmHg on top of a 
building. How tall is the building if we assume air density of 1.15 kg/m 3 ? 

Solution: 

AP = pgH 

760-735 mmHg 133.32 Pa 

H = AP/pg = 7 — ~ : . 9 9 77 = 295 m 

1.15 x 9.807 kg/m 2 s 2 mmHg 
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1.71 

The pressure gauge on an air tank shows 75 kPa when the diver is 10 m down in 
the ocean. At what depth will the gauge pressure be zero? What does that mean? 


Ocean H 2 O pressure at 10 m depth is 

997 x 10 x 9.80665 

P water = P 0 + P L g = 101 - 3 + j(j(Xj = 199 kPa 

Air Pressure (absolute) in tank 
p tank = 199 + 75 = 274 kPa 

Tank Pressure (gauge) reads zero at H 2 0 local pressure 


274= 101.3 + 


997 x 9.80665 
1000 


L = 17.66 m 

At this depth you will have to suck the 
air in, it can no longer push itself 
through a valve. 
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1.72 

An exploration submarine should be able to go 1200 m down in the ocean. If the 

ocean density is 1020 kg/m what is the maximum pressure on the submarine 
hull? 

Solution: 

Assume we have atmospheric pressure inside the submarine then the pressure 
difference to the outside water is 

AP = pLg = (1020 kg/m 3 x 1200 m x 9.807 m/s 2 ) / (1000 Pa/kPa) 

= 12 007 kPa « 12 MPa 
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1.73 

A submarine maintains 101 kPa inside it and it dives 240 m down in the ocean 

having an average density of 1030 kg/m . What is the pressure difference between 
the inside and the outside of the submarine hull? 

Solution: 

Assume the atmosphere over the ocean is at 101 kPa, then AP is from the 240 m 
column water. 

AP = pLg 

= (1030 kg/m 3 x 240 m x 9.807 m/s 2 ) / 1000 = 2424 kPa 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


1.74 

Assume we use a pressure gauge to measure the air pressure at street level and at 
the roof of a tall building. If the pressure difference can be determined with an 
accuracy of 1 mbar (0.001 bar) what uncertainty in the height estimate does that 
corresponds to? 

Solution: 


p air = 1 . 1 69 kg/m 3 from Table A. 5 

AP = 0.001 bar = 100 Pa 
AP 100 

L ~ pg“ 1.169 x 9.807“ 8,72 m 

As you can see that is not really accurate 
enough for many purposes. 


Barometer (mb) 



1021 □ 1017 U 
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1.75 

The absolute pressure in a tank is 1 15 kPa and the local ambient absolute pressure 

is 97 kPa. If a U-tube with mercury, density 13550 kg/m , is attached to the tank 
to measure the gage pressure, what column height difference would it show? 

Solution: 


AP = p tank - Po = PS H 

H = (Ptank - p oVpg = [( 115 - 97) xlOOO] Pa / (13550 kg/m 3 x 9.81 m/s 2 ) 

= 0.135 m = 13.5 cm 
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1.76 

An absolute pressure gauge attached to a steel cylinder shows 135 kPa. We want 
to attach a manometer using liquid water a day that P atm =101 kPa. How high a 

fluid level difference must we plan for? 

Solution: 


Since the manometer shows a pressure difference we have 

AP = P CY L - P atm = P L § 

(135 - 101) kPa 1000 Pa 


L = AP / pg = 


997 kg m' 3 x 10 x 9.807 m/s 2 ^ 


= 3.467 m 
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1.77 

A U-tube manometer filled with water, density 1000 kg/m 3 , shows a height 
difference of 25 cm. What is the gauge pressure? If the right branch is tilted to 
make an angle of 30° with the horizontal, as shown in Fig. PI. 77, what should the 
length of the column in the tilted tube be relative to the U-tube? 

Solution: 

Same height in the two sides in the direction of g. 

AP = F/A = mg/A = V pg/A = hpg 

= 0.25 m x 1000 kg/m 3 x 9.807m/s 2 
= 2452.5 Pa 

= 2.45 kPa 

h = H x sin 30° 

=> H = h/sin 30° = 2h = 50 cm 
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1.78 

A pipe flowing light oil has a manometer attached as shown in Fig. P1.78. What is 
the absolute pressure in the pipe flow? 

Solution: 

Table A.3: p oil = 910 kg/m 3 ; p water = 997 kg/m 3 

P BOT = P 0 + Pwater g H tot = p 0 + 997 kg/m 3 x 9.807 m/s 2 X 0.8 m 

= P 0 + 7822 Pa 

P PIPE = P BOT _ Pwater 5 H 1 — Poil § ^2 

= p B0T - 997 x 9 - 807 x o.i - 910 x 9 - 807 x °- 2 

= P B0T - 977.7 Pa - 1784.9 Pa 

P PIPE = P o + ( 7822 - 977 - 7 - 1784.9) Pa 

= P 0 + 5059.4 Pa = 101.325 + 5.06 = 106.4 kPa 
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1.79 

The difference in height between the columns of a manometer is 200 mm with a 
fluid of density 900 kg/m 3 . What is the pressure difference? What is the height 
difference if the same pressure difference is measured using mercury, density 
13600 kg/ m 3 , as manometer fluid? 

Solution: 


AP = P 1 gh 1 = 900 kg/m 3 x 9.807 m/s 2 x 0.2 m = 1765.26 Pa = 1.77 kPa 

900 

h H g = AP/ (Phg g) = (Pi ghi) / (Phg g) = 7^^ x 0.2 m 

= 0.0132 m = 13.2 mm 
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1.80 

Two cylinders are filled with liquid water, p = 1000 kg/m , and connected by a 
line with a closed valve, as shown in Fig. PI. 80. A has 100 kg and B has 500 kg 

of water, their cross-sectional areas are A a = 0.1 m 2 and A fi = 0.25 m 2 and the 

height h is 1 m. Find the pressure on each side of the valve. The valve is opened 
and water flows to an equilibrium. Find the final pressure at the valve location. 


Solution: 


V A = V FbO m A = m A ; P = °’ 1 = A A h A => h A = 1 m 

V B = V H 2 O m B = m B ; P = °' 5 = A B h B => h B = 2 m 
P VB = P 0 + pg(h B +H) = 101325 + 1000 x 9.81 x 3 = 130 755 Pa 

p VA = P o + Pg h A = 101325 + 1000 x 9 - 81 x l = m 135 Pa 
Equilibrium: same height over valve in both 


V tot = V a + V R = h,A A + (h 0 - H)A R ^ h 0 = 


h A ^A + (h R +H)A 


B 


B 


A 


B 


2 V A 


2 


B 


2 


a a + a b 


= 2.43 m 


P V2 = p o + P§ h 2 = 101.325 + (1000 x 9.81 x 2.43)/1000 = 125.2 kPa 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


1.81 

Two piston/cylinder arrangements, A and B, have their gas chambers connected 
by a pipe. Cross-sectional areas are A a = 75 cm 2 and A B = 25 cm 2 with the piston 
mass in A being m A = 25 kg. Outside pressure is 100 kPa and standard 

gravitation. Find the mass m B so that none of the pistons have to rest on the 
bottom. 

Solution: 



Po 








II 

CD 



Force balance for both pistons: FT = F>t 

A: m pA g + P q A a = PA a 

B: m PB g + P 0 A b = PA b 

Same P in A and B gives no flow between them. 

m PA§ m PB S 

+ P„ = — : — + P„ 


=> m pB = m pA A a / A fi = 25 x 25/75 = 8.33 kg 
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1.82 

Two hydraulic piston/cylinders are of same size and setup as in Problem 1.81, but 
with negligible piston masses. A single point force of 250 N presses down on 
piston A. Find the needed extra force on piston B so that none of the pistons have 
to move. 

Solution: 

A a = 75 cm 2 ; 

A fi = 25 cm 2 

No motion in connecting pipe: P A = P 


Forces on pistons balance 




Po + 


F A /A A = P B = p o 


+ P B / A B 



A b 25 

x — = 250 Nx — = 83.33 N 


A A 


A 


75 
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1.83 

A piece of experimental apparatus is located where g = 9.5 m/s 2 and the 
temperature is 5°C. An air flow inside the apparatus is determined by measuring 
the pressure drop across an orifice with a mercury manometer (see Problem 1.91 
for density) showing a height difference of 200 mm. What is the pressure drop in 
kPa? 

Solution: 

AP = pgh ; p Ho = 13600 kg/m 3 

AP = 13 600 kg/m 3 x 9.5 m/s 2 x 0.2 m = 25840 Pa = 25.84 kPa 
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Energy and Temperature 
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1.84 

An escalator brings four people, whose total mass is 300 kg, 25 m up in a 
building. Explain what happens with respect to energy transfer and stored energy. 


The four people (300 
kg) have their potential 
energy raised, which is 
how the energy is 
stored. The energy is 
supplied as electrical 
power to the motor that 
pulls the escalator with a 
cable. 
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1.85 

A car moves at 75 km/h; its mass, including people, is 3200 kg. How much 
kinetic energy does the car have? 


KE = Vi m V 2 = Vi x 3200 kg x 
= 694 444 J = 694 kj 


75 x 1000' 


a 


v 


3600 


J 


m 2 /s 2 
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1.86 

A 52-kg package is lifted up to the top shelf in a storage bin that is 4 m above the 
ground floor. How much increase in potential energy does the package get? 

The potential energy is from Eq.1.5 

pe = gz 

so for a certain mass we get 

PE = mgH = 52 kg x 9.81 m/s 2 x 4 m = 2040 J = 2.04 kj 
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1.87 

A car of mass 1775 kg travels with a velocity of 100 km/h. Find the kinetic 
energy. How high should it be lifted in the standard gravitational field to have a 
potential energy that equals the kinetic energy? 


Solution: 

Standard kinetic energy of the mass is 
KE = Vi m V 2 = 1/2 x 1775 kg x 


100 x 1000 


v 


J 


3600 

= 1/2 x 1775 x 27.778 Nm = 684 800 J 

= 684.8 kj 

Standard potential energy is 
POT = mgh 

684 800 Nm 


m 2 /s 2 


h = 1/2 m V 2 / mg = 


1775 kg x 9.807 m/s 2 


= 39.3 m 
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1.88 

An oxygen molecule with mass m = M m 0 = 32 x 1.66 x 10" 27 kg moves with a 
velocity of 240 m/s. What is the kinetic energy of the molecule? What 
temperature does that corresponds to if it has to equal (3/2) kT where k is 
Boltzmans constant and T is the absolute temperature in Kelvin. 

KE = 1/2 m V 2 = 1/2 x 32 x 1.66 x 10‘ 27 kg x 240 2 m 2 /s 2 

= 1.53 E-21 J 

So if the KE equals 1.5 kT then we get 

KE = 1.5 kT = 1.5 x 1.38065 x lO' 23 J/K x T 
T = (2/3) KE/k = (2/3) x 1.53 E-21 / 1.38065 x 10' 23 = 73.9 K 
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1.89 

What is a temperature of -5°C in degrees Kelvin? 
Solution: 


The offset from Celsius to Kelvin is 273.15 K, 
so we get 

T K = T c + 273.15 = -5 + 273.15 

= 268.15 K 
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1.90 

The human comfort zone is between 18 and 24°C, what is the range in Kelvin? What 
is the maximum relative change from the low to the high temperature? 

Solution: 

T k = T c + 273.15 

The range in K becomes from 291.15 to 297.15 K. 

The relative change is 6 degrees up from 291.15 K which is 

6 

Relative change % = 2g\~[5 x 100 = 2.06% 
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1.91 

The density of mercury changes approximately linearly with temperature as 

p Hg = 13595 - 2.5 T kg/ m 3 T in Celsius 

so the same pressure difference will result in a manometer reading that is 
influenced by temperature. If a pressure difference of 100 kPa is measured in the 
summer at 35°C and in the winter at -15°C, what is the difference in column 
height between the two measurements? 

Solution: 

The manometer reading h relates to the pressure difference as 

AP 

AP = pLg => L = — 

Pg 


The manometer fluid density from the given formula gives 

p = 13595 - 2.5 x 35 = 13507.5 kg/m 3 

p w = 13595 - 2.5 x (-15) = 13632.5 kg/m 3 

The two different heights that we will measure become 

100 x IQ 3 kPa (Pa/kPa) _ 

L su - 13507.5 x 9.807 (kg/m 3 ) m/s 2 “ °' 7549 m 

100 xlO 3 kPa (Pa/kPa) 

L„, =777 m — n om i 3 = 0-7480 m 

w 13632.5 x 9.807 (kg/m 3 ) m/s 2 

AL = L cn - L„_ - 0.0069 m = 6.9 mm 

SU W 
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1.92 

A mercury thermometer measures temperature by measuring the volume 
expansion of a fixed mass of liquid Hg due to a change in the density, see 
problem 1.91. Find the relative change (%) in volume for a change in temperature 
from 10°C to 20°C. 

Solution: 


From 10°C to 20°C 

At 10°C : pHg = 13595 - 2.5 x 10 = 13570 kg/m 3 

At 20°C : p Hg = 13595 - 2.5 x 20 = 13545 kg/m 3 

The volume from the mass and density is: V = m/p 


Relative Change = 


V 20~ V 10 
Vio 


(m/p2o) - (m/p 10 ) 

m/p to 


PlO 

P20 


13570 

13545 


= 0.0018 (0.18%) 
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1.93 

Density of liquid water is p = 1008 - 172 [kg/m 3 ] with T in °C. If the temperature 
increases 10°C how much deeper does aim layer of water become? 

Solution: 

The density change for a change in temperature of 10°C becomes 

Ap = - AT/2 = -5 kg/m 3 
from an ambient density of 

p = 1008 - T/2 = 1008 - 25/2 = 995.5 kg/m 3 

Assume the area is the same and the mass is the same m = pV = pAH, then we 
have 

Am = 0 = VAp + pAV AV = - VAp/p 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


1.94 

Using the freezing and boiling point temperatures for water in both Celsius and 
Fahrenheit scales, develop a conversion formula between the scales. Find the 
conversion formula between Kelvin and Rankine temperature scales. 

Solution: 


T Freezing = 0 °C = 32 F; 


foiling = 100 ° C = 212 F 


AT = 100 °C = 180 F => To c = (T F -32)/1.8 or T F =1.8To c + 32 
For the absolute K & R scales both are zero at absolute zero. 


T r - 1.8 xT k 
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1.95 

The atmosphere becomes colder at higher elevation. As an average the standard 

atmospheric absolute temperature can be expressed as T atm = 288 - 6.5 x 10 z, 

where z is the elevation in meters. How cold is it outside an airplane cruising at 12 
000 m expressed in Kelvin and in Celsius? 

Solution: 

For an elevation of z = 12 000 m we get 

T at m = 288 - 6.5 x 10“ 3 z = 210 K 

To express that in degrees Celsius we get 

T C = T- 273.15 = -63.15°C 
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1.96 

Repeat problem 1.83 if the flow inside the apparatus is liquid water, p = 1000 

kg/m 3 , instead of air. Find the pressure difference between the two holes flush 
with the bottom of the channel. You cannot neglect the two unequal water 
columns. 



Balance forces in the manometer: 

(H - h 2 ) - (H - hj) = Ah Hg = h, - h 2 

P 1 A + PH 2 O h l§ A + PHg (H ' h P gA 
= P 2 A + p H2Q h 2 gA + P Hg (H - h 2 )gA 


^ P 1 ' P 2 - Ph 2 0^2 " h P g + Plight ' h 2^ g 

P 1 ~ P 2 = P Hg Ah Hg g “ PH 2 C) All HgS 

= (13 600 x 0.2 x 9.5 - 1000 x 0.2 x 9.5 ) kg/m 3 x m x m/s 2 
= (25 840 - 1900) Pa = 23 940 Pa = 23.94 kPa 
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1.97 

A dam retains a lake 6 m deep. To construct a gate in the dam we need to know 
the net horizontal force on a 5 m wide and 6 m tall port section that then replaces 
a 5 m section of the dam. Find the net horizontal force from the water on one side 
and air on the other side of the port. 

Solution: 

Pbot = P 0 + AP 

AP = pgh = 997 kg/m 3 x 9.807 m/s 2 x 6 m = 58 665 Pa = 58.66 kPa 
Neglect AP in air 

P net = bright — P left = P avg A - P qA 

P av2 = Pq + 0.5 AP Since a linear pressure variation with depth. 

F net = (P 0 + °- 5 Ap ) A - p o A = °- 5 AP A = 0-5 x 58.66 x 5 x 6 = 880 kN 
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1.98 

In the city water tower, water is pumped up to a level 25 m above ground in a 
pressurized tank with air at 125 kPa over the water surface. This is illustrated in 
Fig. PI. 98. Assuming the water density is 1000 kg/m 3 and standard gravity, find 
the pressure required to pump more water in at ground level. 

Solution: 


AP = p L g 

= 1000 kg/m 3 x 25 m x 9.807 m/s 2 
= 245 175 Pa = 245.2 kPa 

P bottom = P top + AP 
= 125 + 245.2 

= 370 kPa 
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1.99 

The main waterline into a tall building has a pressure of 600 kPa at 5 m elevation 
below ground level. How much extra pressure does a pump need to add to ensure 
a water line pressure of 200 kPa at the top floor 150 m above ground? 

Solution: 

The pump exit pressure must balance the top pressure plus the column 
AP. The pump inlet pressure provides part of the absolute pressure. 

P _ p _i_ AD 

r after pump r top " r AAr 

AP = pgh = 997 kg/m 3 x 9.807 m/s 2 x (150 + 5) m 
= 1 515 525 Pa = 1516 kPa 
P after pump = 200 + 1516 = 1716 kPa 
APpump = 1716 - 600 = 1116 kPa 
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1.100 

Two cylinders are connected by a piston as shown in Fig. PI. 100. Cylinder A is 
used as a hydraulic lift and pumped up to 500 kPa. The piston mass is 25 kg and 
there is standard gravity. What is the gas pressure in cylinder B? 

Solution: 

Force balance for the piston: P^A^ + nipg + P () (A a - A g ) = P a A a 

A a = (tt/ 4)0.1 2 = 0.00785 m 2 ; A fi = (tt/ 4)0.025 2 = 0.000 491 m 2 

P B A B = p a a a ■ m pS ■ p o (A a ■ a b) = 500x °- 00785 - C 2 5 x 9.807/1000) 

- 100 (0.00785 - 0.000 491) = 2.944 kN 
P B = 2.944/0.000 491 = 5996 kPa = 6.0 MPa 
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1.101 

A 5 -kg piston in a cylinder with diameter of 100 mm is loaded with a linear spring 
and the outside atmospheric pressure of 100 kPa as shown in Fig. PI. 101. The 
spring exerts no force on the piston when it is at the bottom of the cylinder and for 
the state shown, the pressure is 400 kPa with volume 0.4 L. The valve is opened 
to let some air in, causing the piston to rise 2 cm. Find the new pressure. 

Solution: 


A linear spring has a force linear proportional to displacement. F = k x, so 
the equilibrium pressure then varies linearly with volume: P = a + bV, with an 
intersect a and a slope b = dP/dV. Look at the balancing pressure at zero volume 
(V -> 0) when there is no spring force F = PA = P 0 A + m p g and the initial state. 

These two points determine the straight line shown in the P-V diagram. 

Piston area = A p = (tt/ 4) x 0.1 2 = 0.00785 m 2 



„ m pg 5 x 9.80665 

a = P„ + —r— = 100 kPa + — — Pa 


0 A 


P 


0.00785 


= 106.2 kPa intersect for zero volume. 


V 0 = 0.4 + 0.00785 x 20 = 0.557 L 
dP 

P 2 = P l + dV AV 

(400-106.2) 

= 400 + V 04 Q (0.557 - 0.4) 

= 515.3 kPa 
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1.102 

A mass of 2 lbm has acceleration of 5 ft/s 2 , what is the needed force in lbf? 
Solution: 

Newtons 2 nd law: F = ma 

F = ma = 2 lbm x 5 ft/s 2 =10 lbm ft/s 2 
= 32^174 lbf = 0,31 lbf 
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1.103 

How much mass is in 1 gallon of gasoline? If helium in a balloon at atmospheric 
Pandr? 

Solution: 

A volume of 1 gal equals 231 in , see Table A.l. From Table F.3 the density is 
46.8 lbm/ft 3 , so we get 

m = pV = 46.8 lbm/ft 3 x 1 x (23 1/1 2 3 ) ft 3 = 6.256 lbm 
A more accurate value from Table F.3 is p = 848 lbm/ft . 

_Q Q 

For the helium we see Table F.4 that density is 10.08 x 10 lbm/ft so we get 
m = pV = 10.08 x 10' 3 lbm/ft 3 x 1 x (231/12 3 ) ft 3 = 0.00135 lbm 
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1.104 

Can you easily carry a one gallon bar of solid gold? 

Solution: 

The density of solid gold is about 1205 lbm/ft from Table F.2, we could also 
have read Figure 1.7 and converted the units. 

V = 1 gal = 231 in 3 = 231 x 12‘ 3 ft 3 = 0.13368 ft 3 

Therefore the mass in one gallon is 

m = pV = 1205 lbm/ft 3 x 0.13368 ft 3 
= 161 lbm 

and some people can just about carry that in the standard gravitational field. 
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1.105 

What is the temperature of -5F in degrees Rankine? 
Solution: 

The offset from Fahrenheit to Ran ki ne is 
459.67 R, so we get 

T R = T F + 459.67 = -5 + 459.67 

= 454.7 R 
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1.106 

What is the smallest temperature in degrees Fahrenheit you can have? Rankine? 


Solution: 

The lowest temperature is absolute zero which is 
at zero degrees Rankine at which point the 
temperature in Fahrenheit is negative 

T R = 0 R = -459.67 F 
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1.107 

What is the relative magnitude of degree Rankine to degree Kelvin 
Look in Table A.l p. 757: 

1 K= 1 °C = 1.8 R= 1.8 F 
1 R = |k = 0.5556 K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


1.108 

Chemical reaction rates genrally double for a 10 K increase in temperature. How 
large an increase is that in Fahrenheit? 

From the Conversion Table A.l: 1K=1°C = 1.8R=1.8F 

So the 10 K increase becomes 

10 K = 18 F 
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1.109 

An apple weighs 0.2 lbm and has a volume of 6 in 3 in a refrigerator at 38 F. What 
is the apple density? List three intensive and two extensive properties for the 
apple. 

Solution: 


P 


m 0.2 lbm 



0.0333 


lbm 


in' 


57.6 


lbm 

ft 3 


Intensive 


P = 
T = 


57.6 


lbm 


ft' 


38 F; 


1 ft 5 

v = — = 0.0174 77 — 
p lbm 

P = 14.696 lbf/in 2 


Extensive 

m = 0.2 lbm 

V = 6 in 3 = 0.026 gal = 0.00347 ft 3 
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1.110 

A steel piston of 10 lbm is in the standard gravitational field where a force of 10 
lbf is applied vertically up. Find the acceleration of the piston. 


Solution: 


F up = ma = F - mg 


a = 


F - mg 


m 

10 lbf 


m 


g 


-32.174 ft/s 2 


- 10 lbm 
= (1 x 32.174 -32.174) ft/s 2 

= 0 fts -2 



The mass does not move, it is held stationary. 
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1.111 

A 2500-lbm car moving at 25 mi/h is accelerated at a constant rate of 15 ft/s 2 up 
to a speed of 50 mi/h. What are the force and total time required? 

Solution: 


a = 


dV_ 

dt 



\t = 


AV 

a 


At = 



F = ma = 

= 1165 


- 25) mi/h x 1609.34 m/mi x 3.28084 ft/m 
3600 s/h x 15 ft/s 2 

2500 lbm x 15 ft/s 2 / (32.174 lbm ft /lbf-s 2 ) 

lbf 
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1.112 

An escalator brings four people of total 600 lbm and a 1000 lbm cage up with an 
acceleration of 3 ft/s 2 what is the needed force in the cable? 

Solution: 

The total mass moves upwards with an 
acceleration plus the gravitations acts with 
a force pointing down. 

ma = I F = F - mg 

F = ma + mg = m(a + g) 

= (1000 + 600) lbm x (3 + 32.174) ft/s 2 

= 56 278 lbm ft/s 2 = 56 278 lbf 
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1.113 

One pound-mass of diatomic oxygen (O 2 molecular weight 32) is contained in a 
100-gal tank. Find the specific volume on both a mass and mole basis (v and v). 

Solution: 

V = 100 x 231 in 3 = (23 100/12 3 ) ft 3 = 13.37 ft 3 
conversion seen in Table A.l 

This is based on the definition of the specific volume 

v = V/m = 13.37 ft 3 /l lbm = 13.37 ft 3 /lbm 

V a 

v = V/n = — ttt = Mv = 32 x 13.37 = 427.8 ftvlbmol 
m/M 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


1.114 

^2 

A 30-lbm steel gas tank holds 10 ft of liquid gasoline, having a density of 50 

^2 

lbm/ft . What force is needed to accelerate this combined system at a rate of 15 
ft/s 2 ? 


Solution: 


m - m tank + m gasoline 
= 30 lbm + 10 ft 3 x 50 lbm/ft 3 
= 530 lbm 



F = ma = (530 lbm x 15 ft/s 2 ) / (32.174 lbm ft/s 2 - lbf) = 247.1 lbf 
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1.115 

A powerplant that separates carbon-dioxide from the exhaust gases compresses it 
to a density of 8 lbm/ft 3 and stores it in an un-minable coal seam with a porous 
volume of 3 500 000 ft 3 . Find the mass they can store. 


Solution: 

m = p V = 8 lbm/ft 3 x 3 500 000 ft 3 = 2.8 x 10 7 lbm 

Just to put this in perspective a power plant that generates 2000 MW by burning 
coal would make about 20 million tons of carbon-dioxide a year. That is 2000 
times the above mass so it is nearly impossible to store all the carbon-dioxide 
being produced. 
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1.116 

A laboratory room keeps a vacuum of 4 in. of water due to the exhaust fan. What 
is the net force on a door of size 6 ft by 3 ft? 

Solution: 


The net force on the door is the difference between the forces on the two sides as 
the pressure times the area 



P 


outside 


A-P 


inside 


A = AP x A 


= 4 in H 2 0 x 6 ft x 3 ft 

= 4 x 0.036126 lbf/in 2 x 18 ft 2 x 144 in 2 /ft 2 

= 374.6 lbf 


Table A.l: 1 in. H 2 0 is 0.036 126 lbf/in 2 , a unit also often listed as psi. 
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1.117 

A 150-lbm human total footprint is 0.5 ft when the person is wearing boots. If 
snow can support an extra 1 psi, what should the total snow shoe area be? 

Force balance: ma = 0 = PA - mg 


_ mg _ 150 lbm x 32.174 ft/s 2 _ 150 lbm x 32.174 ft/s 2 
“ P llbf/in 2 “ 32.174 lbm-ft/(s 2 in 2 ) 

= 150 in 2 = 1.04 ft 2 
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1.118 

A tornado rips off a 1000 ft 2 roof with a mass of 2000 lbm. What is the minimum 
vacuum pressure needed to do that if we neglect the anchoring forces? 

Solution: 


The net force on the roof is the difference between the forces on the two sides as 
the pressure times the area 



P; 


inside 


A Poutside^ “ A 


That force must overcome the gravitation mg, so the balance is 
AP A = mg 


AP = mg/A = (2000 lbm x 32.174 ft/s 2 )/1000 ft 2 
= 2000 /(1000 x 144) psi = 0.0139 psi 


Remember that psi = lbf/in 2 . 
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1.119 

A manometer shows a pressure difference of 3.5 in of liquid mercury. Find AP in 
psi. 

Solution: 

Hg : L = 3.5 in; p = 848 lbm/ft 3 from Table F.3 
Pressure: 1 psi = 1 lbf/ in 2 

The pressure difference AP balances the column of height L so from Eq.2.2 

AP = p g L = 848 lbm/ft 3 x 32.174 ft/s 2 x (3.5/12) ft 
= 247.3 lbf/ft 2 = (247.3 / 144) lbf/in 2 

= 1.72 psi 
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1.120 

A 7 ft m tall steel cylinder has a cross sectional area of 15 ft 2 . At the bottom with 
a height of 2 ft m is liquid water on top of which is a 4 ft high layer of gasoline. 
The gasoline surface is exposed to atmospheric air at 14.7 psia. What is the 
highest pressure in the water? 

Solution: 


The pressure in the fluid goes up with the 
depth as 

P = P. + AP = P. + pgh 
top top 

and since we have two fluid layers we get 

^ — ^top + KP h )gasoline + ^P h ) water^ 
The densities from Table F.3 are: 


t 


4 ft 


2 ft 



3. 


p .. = 46.8 lbm/ft J ; p . = 62.2 lbm/ft 

r gasoline ’ r water 


32 174 

P = 14.7 + [46.8 x 4 + 62.2 x 2] ... ' , = 16.86 lbf/in 2 

144 x 32.174 
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1.121 

A U-tube manometer filled with water, density 62.3 lbm/ft , shows a height 
difference of 10 in. What is the gauge pressure? If the right branch is tilted to 
make an angle of 30° with the horizontal, as shown in Fig. P1.77, what should the 
length of the column in the tilted tube be relative to the U-tube? 

Solution: 



AP = F/A = mg/A = hpg 

(10/12)x 62.3 x 32.174 
32.174x144 

= Pgauge = lbM " 2 


h = H x sin 30° 

=> H = h/sin 30° = 2h = 20 in = 0.833 ft 
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1.122 

9 

A piston/cylinder with cross-sectional area of 0. 1 ft has a piston mass of 200 lbm 
resting on the stops, as shown in Fig. PI. 50. With an outside atmospheric pressure 
of 1 atm, what should the water pressure be to lift the piston? 

Solution: 

The force acting down on the piston comes from gravitation and the 
outside atmospheric pressure acting over the top surface. 


Force balance: FT = Fi = PA = nipg + P () A 

2 2 

Now solve for P (multiply by 144 to convert from ft to in ) 



Po + 


m pg 

A 


14.696 + 


200x 32.174 
0.1 x 144 x 32.174 


= 14.696 psia + 13.88 psia = 28.58 lbf/in 2 
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1.123 

The main waterline into a tall building has a pressure of 90 psia at 16 ft elevation 
below ground level. How much extra pressure does a pump need to add to ensure 
a waterline pressure of 30 psia at the top floor 450 ft above ground? 

Solution: 


The pump exit pressure must balance the top pressure plus the column 
AP. The pump inlet pressure provides part of the absolute pressure. 

P after pump — Pfop + A P 

a ? 1 lbf S 2 

AP = pgh = 62.2 lbm/fr x 32.174 ft/s 2 x (450 + 16) ft x 32 174 ibm ft 

= 28 985 lbf/ft 2 = 201.3 lbf/in 2 
P after pump = 30 + 201 - 3 = 23 1.3 psia 
AP pump = 231.3 - 90 = 141.3 psi 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


1.124 

9 

A piston, mp = 10 lbm, is fitted in a cylinder, A = 2.5 in. , that contains a gas. The 

setup is in a centrifuge that creates an acceleration of 75 ft/s . Assuming standard 
atmospheric pressure outside the cylinder, find the gas pressure. 

Solution: 


Force balance: FT = FnI- = P () A + nipg = PA 


10 x 75 lbm ft/s 2 lbf-s 2 
= 14.696 + 2 5 x 32 174 in 2 lbm _ ft 

= 14.696 + 9.324 = 24.02 lbf/in 2 
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Temperature 
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1.125 

The human comfort zone is between 18 and 24°C. What is that range in 
Fahrenheit? 

T = 18°C = 32 + 1.8 x 18 = 64.4 F 
T = 24°C = 32 + 1.8 x 24 = 75.2 F 

So the range is like 64 to 75 F. 
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1.126 

The atmosphere becomes colder at higher elevation. As an average the standard 

atmospheric absolute temperature can be expressed as T atm = 518 - 3.84 x 10 z, 

where z is the elevation in feet. How cold is it outside an airplane cruising at 32 
000 ft expressed in Rankine and in Fahrenheit? 


Solution: 

For an elevation of z = 32 000 ft we get 

T at m = 518 - 3.84 X 10“ 3 Z = 395.1 R 

To express that in degrees Fahrenheit we get 

T c = T - 459.67 = -64.55 F 

F 
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1.127 

The density of mercury changes approximately linearly with temperature as 

p Ho = 851.5 - 0.086 T lbm/ft 3 T in degrees Fahrenheit 

so the same pressure difference will result in a manometer reading that is 

influenced by temperature. If a pressure difference of 14.7 lbf/in. is measured in 
the summer at 95 F and in the winter at 5 F, what is the difference in column 
height between the two measurements? 


Solution: 


AP = pgh => h = AP/pg 

p c1] = 843.33 lbm/ft 3 ; p w = 851.07 lbm/ft 3 

1 SU ' w 



14,7 x 144x 32,174 
843.33 x 32.174 


30.12 in 


14.7 x 144 x 32.174 „ _ „ 
h w“ 851.07 x 32.174 ~ 2A87 ft ~ 29 - 84 in 

Ah = h - h = 0.023 ft = 0.28 in 

SU W 
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In-Text Concept Questions 
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2.a 

If the pressure is smaller than the smallest P sat at a given T, what is the phase? 

Refer to the phase diagrams in Figures 2.4 
and 2.5. For a lower P you are below the 
vaporization curve (or the sublimation curve) 
and that is the superheated vapor region. You 
have the gas phase. 


2.b 

An external water tap has the valve activated by a long spindle so the closing 
mechanism is located well inside the wall. Why is that? 

Solution: 

By having the spindle inside the wall the coldest location with water when the valve 
is closed is kept at a temperature above the freezing point. If the valve spindle was 
outside there would be some amount of water that could freeze while it is trapped 
inside the pipe section potentially rupturing the pipe. 
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2.c 

What is the lowest temperature (approximately) at which water can be liquid? 


Look at the phase diagram in Fig. 2.4. At the 
border between ice I, ice HI and the liquid region 
is a triple point which is the lowest T where you 
can have liquid. From the figure it is estimated to 

be about 255 K i.e. at -18°C. 

T * 255 K * - 18°C 
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2.d 

Some tools should be cleaned in water at a least 150°C. How high a P is needed? 
Solution: 

If I need liquid water at 150°C I must have a pressure that is at least the saturation 
pressure for this temperature. 

Table B. 1.1: 150°C, P sat = 475.9 kPa. 
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2.e 

Water at 200 kPa has a quality of 50%. Is the volume fraction V g /V tot < 50% or 
> 50%? 

This is a two-phase state at a given pressure and without looking in the table we 
know that v f is much smaller than v g . 

From the definition of quality we get the masses from total mass, m, as 

m f = (1 - x) m, m„ = x m 

The volumes are 

V f = m f v f = (1 - x) m v f , V g = m g v g = x m v g 

So when half the mass is liquid and the other half is vapor the liquid volume is 
much smaller that the vapor volume. The vapor volume is thus much more than 
50% of the total volume. Only right at the critical point is v f = v g for all other 

states v g > Vf and the difference is larger for smaller pressures. 
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2.f 

Why are most of the compressed liquid or solid regions not included in the printed 
tables? 

For the compressed liquid and the solid phases the specific volume and thus 
density is nearly constant. These surfaces are very steep nearly constant v and there 
is then no reason to fill up a table with the same value of v for different P and T. 


Why is it not typical to find tables for Ar, He, Ne or air like an Appendix B table? 

The temperature at which these substances are close to the two-phase 
region is very low. For technical applications with temperatures around 
atmospheric or higher they are ideal gases. Look in Table A. 2 and we can see the 
critical temperatures as 

Ar: 150.8 K He: 5.19 K Ne: 44.4 K 

It requires a special refrigerator in a laboratory to bring a substance down 
to these cryogenic temperatures. 
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2.h 

What is the percent change in volume as liquid water freezes? Mention some effects 
the volume change can have in nature and in our households. 


The density of water in the different phases can be found in Tables A. 3 and A. 4 
and in Table B.l. 

From Table B. 1.1 v f = 0.00100 m 3 /kg 
From Table B.1.5 Vj = 0.0010908 m 3 /kg 


Percent change: 


100 


v i~ v f 

v f 


= 100 x 


0.0010908-0.001 

0.001 


9.1 % increase 


Liquid water that seeps into cracks or other confined spaces and then freezes 
will expand and widen the cracks. This is what destroys any porous material exposed 
to the weather on buildings, roads and mountains. It can burst water pipes and crack 
engine blocks (that is why you put anti-freeze in it). 
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How accurate is it to assume that methane is an ideal gas at room conditions? 
From Table A.2: T c = 190.4 K, P c = 4.60 MPa 


So at room conditions we have much higher T > T c and P « P c so this is the 
ideal gas region. To confirm look in Table B.7.2 

100 kPa, 300 K, v = 1.55215 m 3 /kg 
Find the compressibility factor (R from Table A. 5) as 


Z = Pv/RT = 


lOOkPax 1,55215 m 3 /kg 
0.5183 kJ/kg-Kx 300 K 


0.99823 


so Z is 1 with an accuracy of 0.2% better than most measurements can be done. 
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I want to determine a state of some substance, and I know that P = 200 kPa; is it 
helpful to write PV = mRT to find the second property? 

NO. You need a second property. 

Notice that two properties are needed to determine a state. The EOS can give you a 
third property if you know two, like (P,T) gives v just as you would get by entering 
table with a set (P,T). This EOS substitutes for a table when it is applicable. 
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2.k 

A bottle at 298 K should have liquid propane; how high a pressure is needed? (use 
Fig.D.l) 

To have a liquid the pressure must be higher than or equal to the saturation pressure. 
There is no printed propane table so we use the compressibility chart and Table A. 2 

Propane Table A.2: T c = 369.8 K, P c = 4.25 MPa 

The reduced temperature is: 

T 298 

T r “ T c - 369.8 “ °- 806 ’ 
for which we find in Fig. D. 1 : P r sat = 0.25 

P = P r sat P c = 0.25 x 4.25 MPa = 1.06 MPa 
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2.1 

A bottle at 298 K should have liquid propane; how high a pressure is needed? (use 
the software) 

To have a liquid the pressure must be higher than or equal to the saturation pressure. 
There is no printed propane table but the software has propane included 

Start CATT3, select cryogenic substances, propane 

select calculator, select case 4 (T, x) = (25°C, 0) 

P = 0.9518 MPa 


Computer-Aided Thermodynamic Tables 3 


- □ 


File Edit lables/Substances Options Help 



IMl 4 

fi JU 

Uniio 



P-V Diagram (Log-Log) 


Propane Properties 

T 
P 
V 
U 
H 
S 
X 

Phase 


25 C 

0.9518 MPa 

0.00203 m3/kg 

-35.83 kJ/kg 

-33.9 kJ/kg 

4.501 kJ/kg/K 

0 

Saturated Liquid 


P 

r 

e 

s 

$ 

u 

r 

e 


10 - 
0 . 1 - 
0.001 - 
1E-5- 
1E-7- 
1E-9- 



0.001 


0.1 


~r 

10 


1000 
Specific Volume 


1 1 

100000 10000000 



Type 

Temp 

Pressure 

Specific 

Volume 

Infernal 

Energy 

Specific 

Enthalpy 

Specific 

Entropy 

Quality 

Phase 

► 


C 

MPa 

m3/kg 

kJ/kg 

kJ/kg 

kJ/kg/K 




1 . Propane 

25 

0.9518 

0.00203 

-35.83 

-33.9 

4.501 

0 

Saturated Liquid 

2. Propane 

25 

0.9518 

0.00203 

-35.83 

-33.9 

4.501 

0 

Saturated Liquid 


\Water^Refrigerants~\Cryogenics/Air/ldeal Gases/Compressibility / v Psychrometrics / 
Values: V = 0.1495; P = 10.96 
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Concept Problems 
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2.1 

Are the pressures in the tables absolute or gauge pressures? 

Solution: 

The behavior of a pure substance depends on the absolute pressure, so P in the tables 
is absolute. 
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2.2 

What is the minimum pressure for which I can have liquid carbon dioxide? 

Look at the phase diagram in Fig. 2.5. The minimum P in the liquid phase is at the 
triple point. From Table 2.2 this is at 520 kPa (a similar value around 4-500 kPa is 
seen in Fig. 2.5). 


The 100 kPa is below 
the triple point. 
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2.3 

When you skate on ice, a thin liquid film forms under the skate. How can that be? 

The ice is at some temperature below the freezing temperature for the atmospheric 
pressure of 100 kPa =0.1 MPa and thus to the left of the fusion line in the solid ice I 
region of Fig. 2.4. As the skate comes over the ice the pressure is increased 
dramatically right under the blade so it brings the state straight up in the diagram 
crossing the fusion line and brings it into a liquid state at same temperature. 

The very thin liquid film under the skate changes the friction to be viscous rather 
than a solid to solid contact friction. Friction is thus significantly reduced. 


Comment: The latest research has shown that the pressure may not be enough to 
generate the liquid, but that such a liquid layer always exist on an ice surface, maybe 

only a few molecules thick (dependent upon temperature). At really low T say -40°C 
no such liquid layer exists which is why your finger can stick to such a surface. 
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2.4 

At a higher elevation like in mountains the pressure is lower, what effect does that 
have for cooking food? 

A lower pressure means that water will boil at a lower temperature, see the 
vaporization line in Fig. 2.4, or in Table B.1.2 showing the saturated temperature as 
a function of the pressure. You therefore must increase the cooking time a little. 
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2.5 

Water at room temperature and room pressure has v « 1 x 10 n m 3 /kg what is n? 

See Table B. 1.1 or B. 1.2 to determine it is in the liquid phase 
(you should know this already). 

Table A.4 or from B 1. 1 at 20°C: n = -3 (v = 0.00100 m 3 /kg) 

2.6 

Can a vapor exist below the triple point temperature? 

Look at the phase diagrams in Figs 2.4 and 2.5. Below the triple point the 
sublimation curve has very small pressures, but not zero. So for pressures below the 
saturation pressure the substance is a vapor. If the phase diagram is plotted in linear 
coordinates the small vapor region is nearly not visible. 


2.7 

In Example 2.1 b is there any mass at the indicated specific volume? Explain. 

This state is a two-phase mixture of liquid and vapor. There is no mass at the 
indicated state, the v value is an average for all the mass, so there is some mass at the 
saturated vapor state (fraction is the quality x) and the remainder of the mass is 
saturated liquid (fraction 1-x). 
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2.8 

Sketch two constant-pressure curves (500 kPa and 30 000 kPa) in a T-v diagram and 
indicate on the curves where in the water tables you see the properties. 




The 30 MPa line in Table B.1.4 starts at 0°C and table ends at 380°C, the line is 
continued in Table B.1.3 starting at 375°C and table ends at 1300°C. 

The 500 kPa line in Table B.1.4 starts at 0.01°C and table ends at the saturated 
liquid state (151.86°C). The line is continued in Table B.1.3 starting at the saturated 
vapor state (151.86°C) continuing up to 1300°C. 
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2.9 

If I have 1 L of R-410A at 1 MPa, 20°C how much mass is that? 


R-410A Tables B.4: 

B.4.1 P sat = 1444.2 kPa at 20°C so superheated vapor. 

B.4. 2 v = 0.02838 m 3 /kg under subheading 1000 kPa 
V 0.001 m3 

= 0.0352 kg = 35.2 g 


m = — = 
v 


0.02838 m /kg 





The P-v (log-log) diagram from CATT3, P in MPa and v in m 3 /kg. 
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2.10 

Locate the state of ammonia at 200 kPa, -10°C. Indicate in both the P-v and the T-v 
diagrams the location of the nearest states listed in the printed Table B.2 
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2.11 

Why are most of the compressed liquid or solid regions not included in the printed 
tables? 

For the compressed liquid and the solid phases the specific volume and thus 
density is nearly constant. These surfaces are very steep nearly constant v and there 
is then no reason to fill up a table with the same value of v for different P and T. 
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2.12 

How does a constant v-process look like for an ideal gas in a P-T diagram? 

For an ideal gas: Pv = RT so then P = (R/v) T 

Constant v is a straight line with slope (R/v) in the P-T diagram 


Critical point 
Liquid / Vapor 

P = RT/v 


T 
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2.13 

If v = RT/P for an ideal gas what is the similar equation for a liquid? 
The equation for a liquid is: v = Constant = v 0 

If you include that v increases a little with T then: v = v 0 + C (T - T 0 ) 
where C is a small constant with units m 3 /kg-K. 
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2.14 

To solve for v given (P, T) in Eq.2.14 , what is the mathematical problem? 

To solve for v in Eq. 2.14 multiply with the de-numerators so we get the form 

P fj(v) = RT f 2 (v) - a (v - b) 

This is a 3 order polynomial (a cubic) function in v. The problem then is to find the 
roots or zero points in this cubic equation. The mathematical subject to study is to 
find zero points of functions (or roots). Typically you will do it by some iteration 
technique. Successive substitutions, bi-section, Newton-Raphson are some of the 
methods you should learn. 
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2.15 

As the pressure of a gas becomes larger, Z becomes larger than 1. What does that 
imply? 


Pv = Z RT 

So for a given P, the specific volume v is then larger than predicted by the ideal gas 
law. The molecules are pressed so close together that they have repulsive forces 
between them (the electron clouds are getting closer). The ideal gas law assumes the 
atoms (molecules) are point masses with no interactions between them and thus has 
a limit of zero specific volume as P goes to infinity. Real molecules occupy some 
volume and the outer shell has a number of electrons with negative charges which 
can interact with one another if they are close enough. 
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Phase Diagrams, Triple and Critical Points 
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2.16 

Carbon dioxide at 280 K can be in different phases. Indicate the pressure range 
you have for each of the three phases (vapor, liquid and solid). 

Look at the P-T phase diagram in Fig. 2.5 at 280 K: 


P < 4000 kPa vapor 

4000 kPa < P < 400 MPa liquid 
400 MPa < P solid 



280 K 


T 
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2.17 

Modern extraction techniques can be based on dissolving material in supercritical 
fluids such as carbon dioxide. How high are pressure and density of carbon 
dioxide when the pressure and temperature are around the critical point? Repeat 
for ethyl alcohol. 


Solution: 

C0 2 : 

Table A.2: P c = 7.38 MPa, T c = 304 K, v c = 0.00212 m 3 /kg 
p c = l/v c = 1/0.00212 = 472 kg/m 3 

C 2 H 5 OH: 

Table A.2: P c = 6.14 MPa, T C = 514K, v c = 0.00363 m 3 /kg 
p c = l/v c = 1/0.00363 = 275 kg/m 3 
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2.18 

The ice cap on the North Pole could be 1000 m thick with a density of 920 kg/m . 
Find the pressure at the bottom and the corresponding melting temperature. 

Solution: 

p ICE = 920 kg/m 3 

AP = pgH = 920 kg/m 3 x 9.80665 m/s 2 x 1000 m = 9 022 1 18 Pa 
P = P 0 + AP = 101.325 + 9022 = 9123 kPa 

See figure 3.7 liquid solid interphase => T LS = -1°C 
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2.19 

Find the lowest temperature at which it is possible to have water in the liquid 
phase. At what pressure must the liquid exist? 

Solution: 


There is no liquid at lower temperatures 
than on the fusion line, see Fig. 3.7, 
saturated ice III to liquid phase boundary is 
at 


T * 263K * - 10°C and 
P * 210 MPa 
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2.20 

Water at 27°C can exist in different phases dependent upon the pressure. Give the 
approximate pressure range in kPa for water being in each one of the three phases 
vapor, liquid or solid. 


Solution: 


The phases can be seen in Fig. 2.4, a sketch 
of which is shown to the right. 

T = 27 °C = 300 K 
From Fig. 2.4: 


P V l~ 4x10 3 MPa = 4 kPa, 
P LS = 10 3 MPa 



T 


0 < P < 4 kPa 

0.004 MPa < P < 1000 MPa 
P > 1000 MPa 


VAPOR 
LIQUID 
SOLID (ICE) 
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2.21 

Dry ice is the name of solid carbon dioxide. How cold must it be at atmospheric 
(100 kPa) pressure? If it is heated at 100 kPa what eventually happens? 

Solution: 

The phase boundaries are shown in Figure 2.5 

At 100 kPa the carbon dioxide is solid if T < 190 K 

It goes directly to a vapor state without becoming a liquid hence its name. 


The 100 kPa is below 
the triple point. 
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2.22 

What is the lowest temperature in Kelvin for which you can see metal as a liquid 
if the metal is a. mercury b. zinc 


Solution: 

Assume the two substances have a phase diagram similar to Fig. 2.5, then the 
triple point is the lowest T with liquid possible the data is from Table 2.1 

T a = -39°C = 234 K 
T b = 419°C = 692 K 
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2.23 

A substance is at 2 MPa, 17°C in a rigid tank. Using only the critical properties 
can the phase of the mass be determined if the substance is oxygen, water or 
propane? 

Solution: 

Find state relative to critical point properties which are from Table A. 2: 


a) Oxygen O 2 : 5.04 MPa 

154.6 K 

b) Water H 2 0 : 22.12 MPa 

647.3 K 

c) Propane C 3 H 8 : 4.25 MPa 

369.8 K 

State is at 17 °C = 290 K and 2 MPa < P c 

A 

In P 

for all cases: 

0 2 : T » T c Superheated vapor P < Pc 

1 

V 

Liquid /* Ci -P- 

HoO : T « T c ; P « P c 


—L— f) 

you cannot say. 


/ Vapor 

C 3 H 8 : 1 < 1 c ; P < P c you cannot say 
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2.24 


Give the phase for the following states. 


Solution: 



a. 

<N 

O 

u 

T = 40°C 

P = 0.5 MPa Table A.2 



T > T c => 

also P « P c 



superheated 

vapor assume ideal gas Table A. 5 

b. 

Air 

T = 20°C 

P = 200 kPa Table A.2 



superheated 

vapor assume ideal gas Table A. 5 

c. 

nh 3 

U 

o 

O 

r- 

H 

E-s 

P = 600 kPa Table B.2.2 or A.2 



T > T c => 

superheated vapor 
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General Tables 
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2.25 

Give the phase for the following states. 


Solution: 
a. H 2 0 


T = 260 C P = 5 MPa 
B . 1 . 1 For given T read: 


Table B. 1.1 or B. 1.2 
P sat = 4.689 MPa 


P>P 


sat 


=> compressed liquid 


B.1.2 For given P read: T sat = 264°C 


T < T 


sat 


=> compressed liquid 


b. H 2 0 T=- 2°C 


P = 100 kPa Table B.1.1 T < T triple point 


,0 


Table B. 1.5 at -2 C read: P sat = 0.518 kPa 


since P > P 


sat 


=> 


compressed solid 


Note state b in P-v, see the 
3-D figure, is up on the 
solid face. 
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2.26 

Determine the phase of the substance at the given state using Appendix B tables 

a) Water 100°C, 500 kPa 

b) Ammonia -10°C, 150 kPa 

c) R-410A 0°C, 350 kPa 


Solution: 

a) From Table B.1.1 P sat (100°C) = 101.3 kPa 

500 kPa > P sat then it is compressed liquid 

OR from Table B. 1.2 T sat (500 kPa) = 152°C 

100°C < T sat then it is subcooled liquid = compressed liquid 

b) Ammonia NH 3 : 

Table B.2.1: P < P sat (-10 °C) = 291 kPa 
Superheated vapor 

c) R-410A 

Table B.4. 1 : P < P sat (0 °C) = 799 kPa 
Superheated vapor. 


The S-L fusion line goes slightly to the 
left for water. It tilts slightly to the right 
for most other substances. 
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2.27 

Give the missing property of P-v-T and x for water at 

a. P = 10 MPa, v = 0.003 m 3 /kg b. 1 MPa, 190°C 

c. 200°C, 0. 1 m 3 /kg d. lOkPa, 10°C 


Solution: 

For all states start search in table B.1.1 (if T given) or B.1.2 (if P given) 

a. P = 10 MPa, v = 0.003 m 3 /kg so look in B.1.2 at 10 MPa 

T = 311°C; v f =0.001452<v< v g = 0.01 803 m 3 /kg, so L+V 
=> x = (v - v f )/v fg = (0.003 - 0.001452)/0.01657 = 0.093 

b. 1 MPa, 190°C : Only one of the two look-ups is needed 

B.1.1: P < P sat = 1254.4 kPa so it is superheated vapor 


B.1.2: T > T sat = 179.91 C so it is superheated vapor 

190- 179.91 3 

B.1.3: v = 0.19444 + (0.20596 - 0.19444) 2 oo . 179 gi = 0.2002 m 3 /kg 

200°C, 0.1 m 3 /kg: look in B.1.1: P = P sat = 1553.8 kPa 

Vf = 0.001156 m 3 /kg <v< v g = 0.12736 m 3 /kg, so L+V 
=> x = (v- vf)/v fg = (0.1 -0.001 156)/0. 1262 = 0.7832 

10 kPa, 10°C : Only one of the two look-ups is needed 

P > P g = 1.2276 kPa so compressed liquid 

T < T sat = 45.8°C so compressed liquid 


From B.1.1 

From B.1.2 
From B.1.1 


v = Vf = 0.001 nr /kg (at given T, not given P) 
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2.28 

For water at 200 kPa with a quality of 10%, find the volume fraction of vapor. 

This is a two-phase state at a given pressure: 

Table B. 1.2: v f = 0.001 061 m 3 /kg, v g = 0.88573 m 3 /kg 

From the definition of quality we get the masses from total mass, m, as 
nif = (1 - x) m, m a = x m 

The volumes are 

V f = m f v f = (1 - x) m v f , V g = m g v g = x m v g 

So the volume fraction of vapor is 

V g V g x m v„ 

fraction - y - Vg + Vf - x m v g + (1 - x)m v f 

0.1 x 0.88573 0.088573 

0.1 x 0.88573 + 0.9 x 0.001061 0.0895279 ° 

Notice that the liquid volume is only about 1% of the total. We could also have 
found the overall v = Vf + xvf g and then V = m v. 
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2.29 

Determine whether refrigerant R-410A in each of the following states is a 
compressed liquid, a superheated vapor, or a mixture of saturated liquid and 
vapor. 


Solution: 

All cases are seen in Table B.4.1 

a. 50°C, 0.05 m 3 /kg From table B.4.1 at 50°C v g = 0.00707 m 3 /kg 

since v > v g we have superheated vapor 


b. 1.0 MPa, 20°C 

c. 0.1 MPa, 0.1 m 3 /kg 

d -20°C, 200 kPa 


From table B.4.1 at 20°C P 2 = 909.9 kPa 
since P < P g we have superheated vapor 

From table B.4.1 at 0.1 MPa (use 101 kPa) 
v f = 0.00074 and v g = 0.2395 m 3 /kg 

as v f < v < v g we have a mixture of liquid & 

vapor 

superheated vapor, P < P g = 400 kPa at -20°C 


2.30 

Show the states in Problem 2.29 in a sketch of the P-v diagram. 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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2.31 

How great is the change in liquid specific volume for water at 20°C as you move up 
from state i towards state j in Fig. 2.14, reaching 15 000 kPa? 

State “i”, here “a”, is saturated liquid and up is then compressed liquid states 


a 

Table B. 1.1: 

v f = 0.001 002 m 3 /kg 

at 

2.34 kPa 

b 

Table B. 1.4: 

v f = 0.001 002 m 3 /kg 

at 

500 kPa 

c 

Table B. 1.4: 

v f = 0.001 001 m 3 /kg 

at 

2000 kPa 

d 

Table B. 1.4: 

v f = 0.001 000 m 3 /kg 

at 

5000 kPa 

e 

Table B. 1.4: 

v f = 0.000 995 m 3 /kg 

at 

15 000 kPa 

f 

Table B. 1.4: 

v f = 0.000 980 m 3 /kg 

at 

50 000 kPa 


Notice how small the changes in v are for very large changes in P. 
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2.32 

Fill out the following table for substance ammonia: 
Solution: 



P [kPa] 

T[°C] 

v [m 3 /kg] 

X 

a) 

1003 

25 

0.1185 

0.9238 

b) 

119.5 

-30 

0.4824 

0.5 

a) 

B.2.1 

Vf < V < Vg => 

two-phase mix 

Look in B.2.1 


=> x = (v - v f )/v fg = (0.1185 - 0.00 1 65 8)/0. 12647 = 0.9238 

b) B.2.1 P = P sat = 119.5 kPa 

v = v f + x v fg = 0.001476 + 0.5 x 0.96192 = 0.4824 m%g 


2.33 

Place the two states a-b listed in Problem 2.32 as labeled dots in a sketch of the P- 
v and T-v diagrams. 

Solution: 
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2.34 

Give the missing property of P, T, v and x for R-410A at 

a. T = -20°C, P = 450 kPa 

b. P = 300 kPa, v = 0.092 nrVkg 


Solution: 

a)B.4.1 P>P sat = 399.6 kPa =^> compressed liquid 

v ~ v f = 0.000803 m 3 /kg 
x = undefined 


b) B.4.2 


v > v g at 300 kPa => superheated vapor 


T = -20 + [0 - (-20)] 


/ 0.092-0.08916 \ _ 
V 0.09845 -0.08916' ” 


-13.89°C 


x = undefined 
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2.35 

Fill out the following table for substance water: 
Solution: 



P [kPa] 

T[°C] 

v [m 3 /kg] 

X 

a) 

500 

20 

0.001002 

Undefined 

b) 

500 

151.86 

0.20 

0.532 

c) 

1400 

200 

0.14302 

Undefined 

d) 

8581 

300 

0.01762 

0.8 


a) Table B. 1.1 P > P sat so it is compressed liquid => Table B. 1.4 

b) Table B. 1.2 v f <v<v g so two phase L + V 

x = = (0.2 - 0.001093) / 0.3738 = 0.532 

T = T sat = 151.86°C 


c) Only one of the two look-up is needed 

Table B. 1.1 200°C P c P sat = => superheated vapor 

Table B. 1.2 1400 kPa T>T sat =195°C 

Table B. 1.3 sub-table for 1400 kPa gives the state properties 


d) T able B . 1 . 1 since quality is given it is two-phase 

v = Vf + x x Vfg = 0.001404 + 0.8 x 0.02027 = 0.01762 m 3 /kg 


2.36 

Place the four states a-d listed in Problem 2.35 as labeled dots in a sketch of the P- 
v and T-v diagrams. 

Solution: 
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2.37 

Determine the specific volume for R-410A at these states: 

a. -15°C, 400 kPa 

b. 20°C, 1500 kPa 

c. 20°C, quality 25% 

a) Table B. 4.1: P < P sat = 480.4 kPa, so superheated vapor. 

B.4.2 v = 0.06475 + (0.07227 - 0.06475) ~q 5 = °- 06662 m 3 /kg 

b) Table B.4.1: P > P sat = 1444 kPa, so compressed liquid 

v ~ v f = 0.000923 m 3 /kg 

c) Table B.4.1: v f = 0.000923 m 3 /kg, v fg = 0.01666 m 3 /kg so 

v = v f + x v fg = 0.000923 + 0.25 x 0.01666 = 0.00509 m 3 /kg 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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2.38 

Give the missing property of P, T, v and x for CH 4 at: 

a. T = 155 K, v = 0.04 m 3 /kg 

b. T = 350 K, v = 0.25 m 3 /kg 

a) B.7.1 v < v g = 0.04892 m 3 /kg => 2-phase 

v - v f 0.04 - 0.002877 

x = = A = 0.806 

Vf g 0.04605 

P = P sat = 1296 kPa 

b) B.7.1 T>T c and v » v c => superheated vapor B.7.2 

located between 600 & 800 kPa 

0.25 - 0.30067 

P - 600 + 200 a225 j _ 0 _ 30067 - 734 kPa 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



50 


Borgnakke and Sonntag 


2.39 

Give the specific volume of carbon-dioxide at -20°C for 2000 kPa and repeat for 
1400 kPa. 

Table B.3.1: -20°C P sat = 1969 kPa, 

at 2000 kPa state is compressed liquid: v = Vf = 0.000969 m /kg 

at 1400 kPa state is superheated vapor: v = 0.0296 m /kg 


The 2000 kPa is above and 
the 1400 kPa is below 
the vaporization line. 



T 
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2.40 

Calculate the following specific volumes 

a. C0 2 10°C, 80% quality 

b. Water 4 MPa, 90% quality 

c. Nitrogen 120 K, 60% quality 

Solution: 

All states are two-phase with quality given. The overall specific 
volume is given by Eq.2.1 or 2.2 

v = v f + x v fg = (l-x)v f + x v g 

a. C0 2 10°C, 80% quality in Table B.3.1 

v = 0.001 161 + x x 0.00624 = 0.006153 m 3 /kg 

b. Water 4 MPa, 90% quality in Table B. 1.2 

v = 0.001252(l-x) + x x 0.04978 = 0.04493 m 3 /kg 

c. Nitrogen 120 K, 60% quality in Table B. 6.1 

v = 0.001915 + x x 0.00608 = 0.005563 m 3 /kg 
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2.41 

Give the missing property of P, T, v, and x for: 

a) R-410A at T = 25°C, v = 0.01 m 3 /kg 

b) R-410A at 400 kPa, v = 0.075 m 3 /kg 

c) NH3 at 10°C, v = 0.1 m 3 /kg 


Solution: 


a) Table B. 4.1 v < v g = 0.01514 m 3 /kg so state is two-phase L + V 

P = p sat = 1653.6 kPa 

x = = (0.01 - 0 . 000944)/0 .0 1420 = 0.6377 



Table B.4.1 v > v g so go to B.4.2 superheated vapor 400 kPa. 
Make linear interpolation 


0.075 - 0.07227 
T - 0 + (20 - 0) a07916 . 0.07227 


7.92, x is undefined 


c) Table B. 2.1 Vf < v < v g = 0.01514 m 3 /kg so state is two-phase L + V 
P = p sat = 615.2 kPa 

x =~^ = (0.1 -0.0016)/0.20381 =0.4828 


Each state is 
positioned 
relative to the 
two-phase region 
not to each other 
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2.42 

You want a pot of water to boil at 105°C. How heavy a lid should you put on the 
15 cm diameter pot when P atm =101 kPa? 

Solution: 

Table B.1.1 at 105°C : P sat = 120.8 kPa 

A = | D 2 = 1 0. 15 2 = 0.01767 m 2 

F net = ( P sat - p a tm) A = (120.8 ' 101) kPa x 0.01767 m 2 
= 0.3498 kN = 350 N 

F net — m lid § 

350 N 

m lid = F net/g = ^2 = 35 ' 7 k § 


Some lids are 
clamped on, the 
problem deals with 
one that stays on due 
to its weight. 
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2.43 

Water at 400 kPa with a quality of 25% has its pressure raised 50 kPa in a constant 
volume process. What is the new quality and temperature? 

Solution: 


State 1 from Table B.1.2 at 400 kPa 


v = v f + x Vfg = 0.001084 + 0.25 x 0.46138 = 0.11643 nvVkg 

State 2 has same v at P = 450 kPa also from Table B.1.2 
v-Vf 0.11643-0.001088 


x = 


v fg 


0.41289 


= 0.279 


T = T sat = 147.93 °C 
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2.44 

A sealed rigid vessel has volume of 1 m 3 and contains 2 kg of water at 100°C. 
The vessel is now heated. If a safety pressure valve is installed, at what pressure 
should the valve be set to have a maximum temperature of 200°C? 

Solution: 

Process: v = V/m = constant 


State 1: Vj = 1/2 = 0.5 m 3 /kg 

from Table B.1.1 
it is 2-phase 

State 2: 200°C, 0.5 m 3 /kg 

Table B.1.3 between 400 
and 500 kPa so interpolate 



P = 400 + 


0.5-0.53422 
0.42492 - 0.53422 


x (500 - 400) = 431.3 kPa 
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2.45 

Saturated water vapor at 200 kPa is in a constant pressure piston cylinder. At this 
state the piston is 0. 1 m from the cylinder bottom. How much is this distance and 
the temperature if the water is cooled to occupy half the original volume? 

Solution: 

State 1 : B 1 .2 vj = v g (200 kPa) = 0.8857 m 3 /kg, T, = 120.2°C 

Process: P = constant = 200 kPa 

State 2: P, v 2 = Vl /2 = 0.44285 m 3 /kg 

Table B. 1.2 v 2 < v g so two phase T 2 = T sat = 120.2°C 
Height is proportional to volume 

h 2 =hjx v 2 /v^ = 0.1 m x 0.5 = 0.05m 
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2.46 

Saturated liquid water at 60°C is put under pressure to decrease the volume by 1% 
keeping the temperature constant. To what pressure should it be compressed? 

Solution: 

State 1: T = 60°C , x = 0.0; Table B. 1.1: v = 0.001017 m 3 /kg 

Process: T = constant = 60°C 

State 2: T, v = 0.99 x v f (6Q o C) = 0.99x0.001017 = 0.0010068 m 3 /kg 
Between 20 & 30 MPa in Table B.1.4, P = 23.8 MPa 
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2.47 

Water at 400 kPa with a quality of 25% has its temperature raised 20°C in a constant 
pressure process. What is the new quality and specific volume? 

Solution: 

State 1 from Table B.1.2 at 400 kPa 

v = v f + x v fg = 0.001084 + 0.25 x 0.46138 = 0.126185 m 3 /kg 

State 2 has same P from Table B.1.2 at 400 kPa 

T 2 = T sat + 20 = 143.63 + 20 = 163.63°C 

so state is superheated vapor look in B. 1.3 and interpolate between 150 and 200 C 
in the 400 kPa superheated vapor table. 

x = undefined 

163.63 - 150 

v 2 = 0.47084 + (0.53422 - 0.47084) 2QQ _ 15Q = 0.4881 m 3 /kg 
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2.48 

In your refrigerator the working substance evaporates from liquid to vapor at -20 

°C inside a pipe around the cold section. Outside (on the back or below) is a black 
grille inside which the working substance condenses from vapor to liquid at +45 

°C. For each location find the pressure and the change in specific volume (v) if 
the substance is ammonia. 

Solution: 

The properties come from the saturated tables where each phase change takes 
place at constant pressure and constant temperature. 


Substance 

TABLE 

T 

p sat . kPa 

Av = v fg , m 3 /kg 

Ammonia 

B.2.1 

45 °C 

1782 

0.0707 

Ammonia 

B.2.1 

-20 °C 

190 

0.622 
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2.49 

Repeat the previous problem with the substances 
a) R- 134a b) R-410A 

In your refrigerator, the working substance evaporates from liquid to vapor at -20 

°C inside a pipe around the cold section. Outside (on the back or below) is a black 
grille inside which the working substance condenses from vapor to liquid at +45 

°C. For each location find the pressure and the change in specific volume (v). 
Solution: 

The properties come from the saturated tables where each phase change takes 
place at constant pressure and constant temperature. 


Substance 

TABLE 

T 

p sat . kPa 

Av = v fg , m 3 /kg 

R-134a 

B.5.1 

45 °C 

1160 

0.0165 

R-134a 

B.5.1 

-20 °C 

134 

0.146 

R-410A 

B.4.1 

45 °C 

2728 

0.00723 

R-410A 

B.4.1 

-20 °C 

400 

0.064 
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2.50 

Repeat Problem 2.48 with CCL, condenser at + 20°C and evaporator at -30°C. 
Solution: 

The properties come from the saturated tables where each phase change takes 
place at constant pressure and constant temperature. 


Substance 

TABLE 

T 

P sat . kPa 

Av = v fg , m 3 /kg 

(N 

O 

u 

B.3.1 

20 °C 

5729 

0.00386 

<N 

o 

u 

B.3.1 

-30 °C 

1428 

0.026 
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2.51 

A glass jar is filled with saturated water at 500 kPa, quality 25%, and a tight lid is 
put on. Now it is cooled to -10°C. What is the mass fraction of solid at this 
temperature? 

Solution: 

Constant volume and mass => Vj = V 2 = V/m 

From Table B.1.2: v 2 = 0.001093 + 0.25 x 0.3738 = 0.094543 m 3 /kg 

From Table B.1.5: V 2 = 0.0010891 + X 2 x 446.756 = = 0.094543 m 3 /kg 

=> X 2 = 0.0002 mass fraction vapor 
x solid = 1 - x 2 = 0.9998 or 99.98 % 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


63 


Borgnakke and Sonntag 


2.52 

Two tanks are connected as shown in Fig. P2.52, both containing water. Tank A is at 

200 kPa, v = 0.5 m 3 /kg, V A = 1 m 3 and tank B contains 3.5 kg at 0.5 MPa, 400°C. 

The valve is now opened and the two come to a uniform state. Find the final specific 
volume. 

Solution: 

Control volume: both tanks. Constant total volume and mass process. 



State Al: (P, v) m A = V A /v A = 1/0.5 = 2 kg 

State Bl: (P,T) Table B. 1.3 v R = 0.6173 m 3 /kg 

=^> V fi = m B v B = 3.5 kg x 0.6173 m 3 /kg = 2.1606 m 3 
Final state: m tot = m A + m fi = 5.5 kg 

V tot = V A + V B = 3' 1( W>"' 3 

V 2 = V to/ m tot = 0 - 5746m3/k g 
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2.53 

Saturated vapor R-134a at 60°C changes volume at constant temperature. Find the 
new pressure, and quality if saturated, if the volume doubles. Repeat the question 
for the case the volume is reduced to half the original volume. 

Solution: 

1: (T, x) B.4.1: vj = v g = 0.01146 m 3 /kg, P : = P sat = 1681.8 kPa 

2: v 2 = 2vj = 0.02292 m /kg superheated vapor 

Interpolate between 1000 kPa and 1200 kPa 

0.02292-0.02311 

P 2 - 1000 + 200 x Q_gig44 _ 0.02311 _ kPa 
3: v 3 = vj/2 = 0.00573 m 3 /kg < v g : two phase 


V3-v f 0.00573-0.000951 
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2.54 


A steel tank contains 6 kg of propane (liquid + vapor) at 20°C with a volume of 

0.015 m 3 . The tank is now slowly heated. Will the liquid level inside eventually rise 
to the top or drop to the bottom of the tank? What if the initial mass is 1 kg instead 
of 6 kg? 


Solution: 

Constant volume and mass 


V 0.015 m 3 a 

= 0.0025 m 3 /kg 


v 2 V 1 m 6 kg 



v 


A. 2: v c = 0.00454 m 3 /kg > Vj 

eventually reaches sat. liquid. 

level rises to top 


If m = 1 kg => v 1 = 0.015 m /kg > v c 

then it will reach saturated vapor, 
level falls 
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2.55 

Saturated water vapor at 60°C has its pressure decreased to increase the volume 
by 10% keeping the temperature constant. To what pressure should it be 
expanded? 

Solution: 

Initial state: v = 7.6707 m 3 /kg from table B.1.1 

Final state: v = 1.10 x v g = 1.1 x 7.6707 = 8.4378 m 3 /kg 

Interpolate at 60°C between saturated (P = 19.94 kPa) and superheated vapor 
P = 10 kPa in Tables B.1.1 and B.1.3 

8.4378 -7.6707 

P a 19.941 +00- 19.941) 15 . 3345 _ 7 . 6707 = 18.9 kPa 




Comment: T,v => P = 18kPa (software) v is not linear in P, more like 1/P, 
so the linear interpolation in P is not very accurate. 
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2.56 

Ammonia at 20°C with a quality of 50% and total mass 2 kg is in a rigid tank 
with an outlet valve at the top. How much vapor (mass) can you take out through 
the valve assuming the temperature stays constant? 

Solution: 

The top has saturated vapor at 20°C as long as there is a two phase inside. When 
there is no more liquid and vapor will be taken out pressure will drop for the 
remaining vapor so we can take it out until we reach P 0 . 

V = mjVj = 2 kg x 0.5 (0.001638 + 0.14922) m 3 /kg = 0.15086 m 3 
v 2 = 1.4153 m 3 /kg (from Table B.2.2 at 100 kPa) 
m 2 = V/v 2 = 0.15086 m 3 / 1.4153 m 3 /kg = 0.1066 kg 

m = m 1 - m 2 = 2 - 0.1066 = 1.893 kg 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


68 


Borgnakke and Sonntag 


2.57 

A sealed rigid vessel of 2 m contains a saturated mixture of liquid and vapor R- 
134a at 10°C. If it is heated to 50°C, the liquid phase disappears. Find the 
pressure at 50°C and the initial mass of the liquid. 


Solution: 


Process: constant volume and constant mass. 



State 2 is saturated vapor, from table B.5.1 
P 2 = P sat (50°C) = 1.318 MPa 
State 1: same specific volume as state 2 
v 1 = v 9 = 0.015124 m 3 /kg 

Vj = 0.000794 + x : x 0.048658 
=> Xj = 0.2945 


m = V/v 1 = 2 m 3 /0.015124 m 3 /kg = 132.24 kg; 
m liq = (1 ‘ x j) m = 93.295 kg 
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2.58 

A storage tank holds methane at 120 K, with a quality of 25 %, and it warms up 
by 5°C per hour due to a failure in the refrigeration system. How long time will it 
take before the methane becomes single phase and what is the pressure then? 

Solution: Use Table B. 7.1 


Assume rigid tank v = constant = v 1 
Vj = 0.002439 + 0.25 x 0.30367 


= 0.078366 m 3 /kg 
We then also see that 

V 1 > v c = 0.00615 m 3 /kg 

All single phase when 

v = v => T = 145 K 

C> 



AT 145 - 120 
At = (5°C/h) “ 5 = 5 hours; 


P = P sat= 824 kPa 
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2.59 

Ammonia at 10°C and mass 10 kg is in a piston cylinder with an initial volume of 1 
m 3 . The piston initially resting on the stops has a mass such that a pressure of 900 

kPa will float it. Now the ammonia is slowly heated to 50°C. Find the final pressure 
and volume. 

Solution: 

C.V. Ammonia, constant mass. 

Process: V = constant, unless P = P float 


State 1: T = 10 °C, 

v i 

10 


v l = m = ^ =0 - lm ^ 


From Table B. 2.1 Vf < v < v g 


X 1 


v-vf 0.1-0.0016 
v f g _ 0.20381 


0.4828 



State la: P = 900 kPa, v = vj = 0.1 m 3 /kg < v g at900kPa 

This state is two-phase T la = 21.52°C 
Since T 2 > T la then v 2 > v la 


State 2: 50°C and on line(s) means 

P 2 = 900 kPa which is superheated vapor. 

Table B.2.2 : v 2 = (0.18465 + 0.14499)/2 = 0.16482 m 3 /kg 


V 2 = mv 2 = 1.6482 m 
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2.60 

A 400-m 3 storage tank is being constructed to hold LNG, liquified natural gas, 
which may be assumed to be essentially pure methane. If the tank is to contain 
90% liquid and 10% vapor, by volume, at 100 kPa, what mass of LNG (kg) will 
the tank hold? What is the quality in the tank? 


Solution: 

CH^ is in the section B tables. 

From Table B. 7.1: Vf = 0.002366 m 3 /kg, 

From Table B. 7. 2: v g = 0.55665 m 3 /kg 


(interpolated) 

(first entry 100 kPa) 


_ v liq _ 0.9 x 400 

m liq- Vf “0.002366 

m tQt = 152 227 kg, 


152 155.5 kg; m vap = 
x = m vap / m tQt = 4.72 x 10 


V va P 0.1 x 400 


v g “ 0.55665 _7L86kg 

-4 
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2.61 

A boiler feed pump delivers 0.05 m /s of water at 240°C, 20 MPa. What is the mass 
flowrate (kg/s)? What would be the percent error if the properties of saturated liquid 
at 240°C were used in the calculation? What if the properties of saturated liquid at 
20 MPa were used? 

Solution: 

State 1: (T, P) compressed liquid seen in B. 1.4: v = 0.001205 m 3 /kg 

m = V/v = 0.05/0.001205 = 41.5 kg/s 

V f (240°C) = 0-001229 m 3 /kg => m = 40.68 kg/s error 2% 

Vfpo MPa) = 0.002036 m 3 /kg =^> m = 24.56 kg/s error 41% 




The constant T line is nearly vertical for the liquid phase in the P-v diagram. 
The state is at so high P, T that the saturated liquid line is not extremely steep. 
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2.62 

A piston/cylinder arrangement is loaded with a linear spring and the outside 

atmosphere. It contains water at 5 MPa, 400°C with the volume being 0.1 m .If the 
piston is at the bottom, the spring exerts a force such that = 200 kPa. The system 

now cools until the pressure reaches 1200 kPa. Find the mass of water, the final state 
(77,, v 2 ) and plot the P-v diagram for the process. 


Solution: 



1: Table B. 1.3 => Vj= 0.05781 m /kg 

m = V/Vj = 0.1/0.05781 = 1.73 kg 

Straight line: P = P a + C x v 

p 2 - p a 3 

w, = Vi p — = 0.01204 m 3 /kg 
7 1 m ' 


v 0 < Vg(1200 kPa) so two-phase T-, = 188°C 
=> x 2 = (v 2 - 0.001 139)/0. 1622 = 0.0672 
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2.63 

A pressure cooker (closed tank) contains water at 100°C with the liquid volume 
being 1/20 of the vapor volume. It is heated until the pressure reaches 2.0 MPa. 
Find the final temperature. Has the final state more or less vapor than the initial 
state? 

Solution: 

State 1 : V f = m f v f = V g /20 = m g v g /20 ; 

Table B. 1.1: v f = 0.001044 m 3 /kg, v g = 1.6729 m 3 /kg 

m g 20 m f v f / v g 20 v f 0.02088 

x = “ — z= “ — — — =0 01 777 

1 m 2 + mf mf + 20 mfVf / v g 20 Vf + v g 0.02088 + 1 .6729 

Vj = 0.001044 + 0.01233x1.67185 = 0.02166 m 3 /kg 
State 2: v 9 = v 1 = 0.02166 m 3 /kg < v g (2MPa) from B. 1.2 so two-phase 

At state 2: v 0 = v f + x 9 v fg 

0.02166 = 0.001177 + x 2 x 0.09845 
=> x 2 = 0.208 

More vapor at final state 

T 2 = T sat (2MPa) = 212A ° C 
v 
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2.64 

A pressure cooker has the lid screwed on tight. A small opening with A = 5 mm 2 
is covered with a petcock that can be lifted to let steam escape. How much mass 

should the petcock have to allow boiling at 120°C with an outside atmosphere at 
101.3 kPa? 


Table B. 1.1.: P sat = 198.5 kPa 

F = mg = AP x A 
m = AP x A/g 

(198.5-101.3)xl000x5xlQ-6 N 
9.807 ms -2 

= 0.0496 kg = 50 g 
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Ideal Gas Law 
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2.65 

What is the relative (%) change in P if we double the absolute temperature of an 
ideal gas keeping mass and volume constant? What will it be if we double V 
having m, T constant. 


Ideal gas law: 
State 2: 


State 3: 


PV = mRT 

P 2 V = mRT 2 = mR2T : = 2P,V => P 2 = 2P l 
Relative change = AP/P^ = Pj/Pj = 1 = 100% 


P 3 V 3 = mRTi = PjVj => P 3 = P 1 V 1 /V 3 = P 1 /2 

Relative change = AP/P^ = -P 1 /2P 1 = - 0.5 = -50% 
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2.66 

A 1-m 3 tank is filled with a gas at room temperature 20°C and pressure 200 kPa. 
How much mass is there if the gas is a) air, b) neon or c) propane ? 

Solution: 

Use Table A. 2 to compare T and P to the critical T and P with 
T = 20°C = 293. 15 K ; P = 200 kPa « P c for all 
Air : T » T C N2 ; T C02 = 154.6 K so ideal gas; R= 0.287 kJ/kg K 

Neon: T » T c = 44.4 K so ideal gas; R = 0.41 195 kJ/kg K 

Propane: T < T c = 370 K, but P « P c = 4.25 MPa 

so gas R = 0.18855 kJ/kg K 

All states are ideal gas states so the ideal gas law applies 

PV = mRT 

_ PV _ 200 kPa x 1 m 3 

a ) m - RT - Q 2g7 kJ/kgK x 293.15 K - 2-377 kg 

_ PV _ 200 kPa x 1 m 3 

b) m - RT - 0 4U95 kJ/kgK x 293.15 k “ 1-656 kg 

_ PV _ 200 kPa x 1 m 3 _ 

C ) m - RT - 0 lg855 kJ/kgK x 293.15 K “ 3-618 kg 
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2.67 

Calculate the ideal gas constant for argon and hydrogen based on table A. 2 and 
verify the value with Table A. 5 

R 8 3145 

argon: R = M = 39 948 = °' 208 1 kJ/k § K 

R 8 3145 

hydrogen: R = ^ = 2 016 = 4.124256 kJ/kgK 


same as Table A. 5 


same as Table A. 5 
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2.68 

A pneumatic cylinder (a piston cylinder with air) must close a door with a force of 

500 N. The cylinder cross-sectional area is 5 cm 2 . With V = 50 cm 3 , T = 20°C, 
what is the air pressure and its mass? 


F = PA - P 0 A 


P = P 0 + F/A = 100 kPa + 


500 N 


= 1100 kPa 


m = 


0.0005 m 2 x 1000 N/kN 

PlVl 1 100 kPax 0,00005 m 3 

RT : _ 0.287 kJ/kgK x 293 K “ 000065 k § “ °‘ 65 8 


Comment: Dependent upon your understanding of the problem you could also have 
neglected the atmospheric pressure to get 1000 kPa and 0.59 g for answers. 
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2.69 

Is it reasonable to assume that at the given states the substance behaves as an ideal 
gas? 


Solution: 


a) Oxygen, 0 2 

at 

30°C, 3 MPa 

b) Methane, CH 4 

at 

30°C, 3 MPa 

c) Water, H 0 0 

at 

30°C, 3 MPa 

d) R-134a 

at 

30°C, 3 MPa 

e) R-134a 

at 

30°C, 100 kPa 


Ideal Gas ( T » T = 155 K from A. 2) 

V 

Ideal Gas ( T » T = 190 K from A. 2) 

V 

NO compressed liquid P > P sat (B.1.1) 

NO compressed liquid P > P sat (B.5.1) 
Ideal Gas Pislow<P sat (B.5.1) 



T 
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2.70 

Helium in a steel tank is at 250 kPa, 300 K with a volume of 0.1 m . It is used to fill 
a balloon and when the pressure drops to 125 kPa, the flow of helium stops by itself. 
If all the helium still is at 300 K, how big a balloon did I get? 

Solution: 


State 1: m = V/v assume ideal gas so 

p l v l 250 kPax 0.1m 3 
m - RT i ~ 2.0771 kJ/kgK x 300 K 
= 0.0401 kg 


State 2: Same mass so then (T 2 = 



c 

t 

i 

h 

r 

e 

c 

r 

u 

m 

s 

o 



Vo = 


mRT 2 P ] V ] RT 2 

P 2 = RT 1 P 2 


a 250 q 

= v 1 — =0.1 m 3 ^7=0.2m 3 


125 


The balloon volume is 


Vballoon = V 2 - Vi = 0.2 -0.1= 0.1m- 
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2.71 

A hollow metal sphere of 150-mm inside diameter is weighed on a precision 
beam balance when evacuated and again after being filled to 875 kPa with an 
unknown gas. The difference in mass is 0.0025 kg, and the temperature is 25°C. 
What is the gas, assuming it is a pure substance listed in Table A. 5 ? 

Solution: 

7T o o 

Assume an ideal gas with total volume: V = ^(0.15) = 0.001767 m 

mRT 0.0025 kg x 8.3145 kJ/kmol-K x 298.2 K 
ivi- py - 875 kPa X 0.001767 m3 

= 4.009 kg/kmol « M Hg 

=> Helium Gas 
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2.72 

A spherical helium balloon of 10 m in diameter is at ambient T and P, 15°C and 
100 kPa. How much helium does it contain? It can lift a total mass that equals the 
mass of displaced atmospheric air. How much mass of the balloon fabric and cage 
can then be lifted? 

We need to find the masses and the balloon volume 

V = |d 3 = |l0 3 = 523.6 m 3 

_ v pv _ 100 kPax 523.6 m 3 
m He “ P V ~ v “ RT “ 2.0771 kJ/kgK x 288 K “ 87,5 kg 


PV 100 kPa x 523.6 m 3 
m air “ RT “ 0.287 kJ/kgK x 288 K 
= 633 kg 

m rf =m. -m u = 633-87.5 = 545.5 kg 

lift air He & 
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2.73 

A glass is cleaned in 45°C hot water and placed on the table bottom up. The room 

air at 20°C that was trapped in the glass gets heated up to 40°C and some of it 
leaks out so the net resulting pressure inside is 2 kPa above ambient pressure of 
101 kPa. Now the glass and the air inside cools down to room temperature. What 
is the pressure inside the glass? 

Solution: 


1 air: 40°C, 103 kPa 

2 air: 20°C, ? 

Constant Volume: V, = V 2 , 


AIR 


Slight amount 
of liquid water 
seals to table top 


Constant Mass mi - m 2 

Ideal Gas P^^m^Tj and P 2 V 2 = m 1 RT 2 
Take Ratio 



103 kPa x 


20 + 273 
40 + 273 


= 96.4 kPa 


This is a vacuum relative to atm pressure so the glass is pressed against table. 
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2.74 

Air in an internal combustion engine has 227°C, 1000 kPa with a volume of 0.1 m 3 . 
Now combustion heats it to 1800 K in a constant volume process. What is the mass 
of air and how high does the pressure become? 


The mass comes from knowledge of state 1 and ideal gas law 


m = 


glVl 

RT : 


1000 kPax 0,1 m 3 
0.287 kJ/kgK x (227 + 273) K 


0.697 kg 


The final pressure is found from the ideal gas law written for state 1 and state 2 and 
then eliminate the mass, gas constant and volume (V 0 = Vj) between the equations 


Pj Vj = m RTj and 




= m RT 0 



x T 2 /Tj = 1000 kPa x 


1800 

500 


= 3600 kPa 
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2.75 

Air in an automobile tire is initially at -10°C and 190 kPa. After the automobile is 
driven awhile, the temperature gets up to 10°C. Find the new pressure. You must 
make one assumption on your own. 


Solution: 


Assume constant volume V 0 = Vj and that air is 
an ideal gas 


PjVj = mRTj and P 0 V 0 = mRT 0 
^2 = x ^ 2^1 

283.15 

= 190 kPa x 263 = 204.4 kPa 
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2.76 

A rigid tank of 1 m 3 contains nitrogen gas at 600 kPa, 400 K. By mistake 
someone lets 0.5 kg flow out. If the final temperature is 375 K what is the final 
pressure? 

Solution: 


_ PV _ 600 kPa x 1 m 3 

m “ RT “ 0.2968 kJ/kgK x 400 K “ 5 ‘ 054 kg 


m 2 = m - 0.5 = 4.554 kg 



m 2 RT 2 


V 


4.554 kg x 0,2968 kJ/kgK x 375 K 

1 m 3 


= 506.9 kPa 
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2.77 

Assume we have 3 states of saturated vapor R-134a at +40 °C, 0 °C and -40 °C. 
Calculate the specific volume at the set of temperatures and corresponding saturated 
pressure assuming ideal gas behavior. Find the percent relative error = 100(v - 
Vg)/v g with v g from the saturated R-134a table. 

Solution: 

R-134a. Table values from Table B. 5.1 P sa t> v g(T) 

Ideal gas constant from Table A. 5: RR-i 34 a = 0.08149 kJ/kg K 


T 

P sat , kPa 

Vg, m 3 /kg 

V ID.G. - RT /P sat 

error % 

i 

O 

o 

n 

51.8 

0.35696 

0.36678 

2.75 

u 

o 

O 

294 

0.06919 

0.07571 

9.4 

40 °C 

1017 

0.02002 

0.02509 

25.3 
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2.78 

Do Problem 2.77 for R-410A. 

Solution: 

R-410A. Table values from Table B. 4.1 P sat , v g (T) 

Ideal gas constant from Table A. 5: RR-4ioa = 0.1 146 kJ/kg K 


T 

P sat . kPa 

v g , m 3 /kg 

V ID.G. - RT / P sat 

error % 

i 

O 

o 

n 

175.0 

0.14291 

0.1527 

6.8 

o 

o 

O 

798.7 

0.03267 

0.03919 

20 

40 °C 

2420.7 

0.00967 

0.01483 

53.3 
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2.79 

Do Problem 2.77 for the substance ammonia. 

Solution: 

NH3. Table values from Table B. 2.1 P sat , v g (T) 

Ideal gas constant from Table A. 5: R ammon i a = 0.4882 kJ/kg K 


T 

P sat , kPa 

v g , m 3 /kg 

V ID.G. - RT / P sat 

error % 

i 

O 

o 

n 

71.7 

1.5526 

1.5875 

2.25 

u 

o 

O 

429.6 

0.28929 

0.3104 

7.3 

40 °C 

1555 

0.08313 

0.09832 

18.3 
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2.80 

Aim 3 rigid tank has propane at 100 kPa, 300 K and connected by a valve to 

another tank of 0.5 m 3 with propane at 250 kPa, 400 K. The valve is opened and 
the two tanks come to a uniform state at 325 K. What is the final pressure? 

Solution: 

Propane is an ideal gas (P « P c ) with R = 0.1886 kJ/kgK from Tbl. A. 5 


PaVa 

mA “ RT a “ 
PbVb 

mfi _ RT b - 


100 kPa x 1 m 3 

0.1886 kJ/kgK x 300 K = 1-7674 kg 

250 kPa x 0,5 m 3 _ 

0.1886 kJ/kgK x 400 K “ 1-6564 kg 


V 2 = V A + V B = 1.5m 3 


m 2 = m A + m B = 3.4243 kg 

m 2 RT 2 3.4243 kg x 0.1886 kJ/kgK x 325 K 

P 2 = — T 7 — = 2 . 7 3 * = 139.9 kPa 

z V 2 1.5 m J 
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2.81 

A vacuum pump is used to evacuate a chamber where some specimens are dried at 
50°C. The pump rate of volume displacement is 0.5 m 3 /s with an inlet pressure of 
0.1 kPa and temperature 50°C. How much water vapor has been removed over a 30- 
min period? 

Solution: 

Use ideal gas since P « lowest P in steam tables. 

From table A. 5 we get R = 0.46152 kJ/kg K 

m = m At with mass flow rate as: m= V/v = PV/RT (ideal gas) 

• 0.1 kPa x 0.5 m 3 /s x 30 min x 60 s/min 

^ m = PYAt/RT = 0.46152 kJ/kgKx 323.15 K =0.603 kg 
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2.82 

A 1-m 3 rigid tank with air at 1 MPa, 400 K is connected to an air line as shown in 
Fig. P2.82. The valve is opened and air flows into the tank until the pressure 
reaches 5 MPa, at which point the valve is closed and the temperature inside is 
450K. 

a. What is the mass of air in the tank before and after the process? 

b. The tank eventually cools to room temperature, 300 K. What is the pressure 
inside the tank then? 

Solution: 

P, T known at both states and assume the air behaves as an ideal gas. 

_ P i V _ 1000 kPa x 1 m3 

m ain - RTj “ 0.287 kJ/kgK x 400 K “ 8-711 kg 

^2^ 5000 kPa x 1 m 3 

m air2 = RT 2 = 0.287 kJ/kgK x 450 K = 38-715 kg 

Process 2 — > 3 is constant V, constant mass cooling to T 3 

P 3 = P 2 x (T 3 /T 2 ) = 5000 kPa x (300/450) = 3.33 MPa 
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2.83 

A cylindrical gas tank 1 m long, inside diameter of 20 cm, is evacuated and then 
filled with carbon dioxide gas at 20°C. To what pressure should it be charged if there 
should be 1.2 kg of carbon dioxide? 

Solution: 

Assume C0 2 is an ideal gas, table A. 5: R = 0.1889 kJ/kg K 


ZLn on 2 


V cyl = A x L = 4(0.2 r x 1 = 0.031416 nv 


P V = mRT 


=> P = 


mRT 
V 


^P = 


1.2 kg x 0,1889 kJ/kg K x (273.15 + 20) K 
0.031416 m 3 ’ 


= 2115 kPa 
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2.84 

Ammonia in a piston/cylinder arrangement is at 700 kPa, 80°C. It is now cooled at 
constant pressure to saturated vapor (state 2) at which point the piston is locked with 
a pin. The cooling continues to -10°C (state 3). Show the processes 1 to 2 and 2 to 3 
on both a P-v and T-v diagram. 

Solution: 

State 1: T, P from table B.2.2 this is superheated vapor. 

State 2: T, x from table B.2.1 
State 3: T, v two-phase 
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Compressibility Factor 
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2.85 

Find the compressibility factor (Z) for saturated vapor ammonia at 100 kPa and at 
2000 kPa. 

Table B.2.2: Vj = 1.1381 m 3 /kg, Tj = -33.6°C, P 1 = 100kPa 

v 2 = 0.06444 m 3 /kg, T 2 = 49.37°C, P 2 = 2000 kPa 
Table A.5: R = 0.4882 kJ/kg K 

Extended gas law: Pv = ZRT so we can calculate Z from this 

jVl 100 kPa x 1,1381 m 3 /kg 

Zl “ RT : “ 0.4882 kJ/kg-K x (273.15 - 33.6) K “ °' 973 

P 2 V 2 2000 kPa x 0,06444 m 3 /kg 
Z 2 “ RT 2 “ 0.4882 kJ/kg-K x (273.15 + 49.37) K “ °' 8185 

So state 1 is close to ideal gas and state 2 is not so close. 
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2.86 

Find the compressibility for nitrogen at 

a. 2000 kPa, 120 K ; b. 2000 kPa, 300 K ; c. 120 K, v = 0.005 m 3 /kg 
Solution: 

Table B.6 has the properties for nitrogen. 

a) B.6. 2: v = 0.01260 m 3 /kg 

2000 kPa x 0.01260 m 3 /kg 
Z = Pv/RT = n 0Q „ vin „ nnF = 0.707 
0.2968 kJ/kg-K x 120 K 

b) B.6. 2: v = 0.04440 m 3 /kg 

2000 kPa x 0.04440 m 3 /kg 

7 - Pv/RT = • - 0 997 

0.2968 kJ/kg-K x 300 K 

c) B.6.1: Vf < v < v g so this is a two-phase state. 

2000 kPa x 0.005 m 3 /kg 
Z = Pv/RT = „ 0Q . .. . v - 0.28 

0.2968 kJ/kg-K x 120 K 

The liquid in this state is incompressible with a low volume and the vapor 
is very close to the critical point. If you calculate a quality it is x = 0.507. The 
compressibility for the saturated vapor alone is 0.44. 
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2.87 

Find the compressibility for carbon dioxide at 60°C and 10 MPa using Fig. D.l 
Solution: 

Table A.2 C02: T c = 304.1 K P c = 7.38 MPa 

T r = T/T c = 333/304.1 = 1.095 
p r = p/p c = 10/7.38 = 1.355 
From Figure D.l: Z » 0.45 

Compare with table B.3.2: v = 0.00345 m 3 /kg 

„ 10 000 kPa X 0.00345 m 3 /kg „ 

7 — Pv/DT — _ f) 

0.1889 kJ/kg-K x 333 K 
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2.88 

What is the percent error in specific volume if the ideal gas model is used to 
represent the behavior of superheated ammonia at 40°C, 500 kPa? What if the 
generalized compressibility chart, Fig. D.l, is used instead? 


Solution: 


NH 3 T = 40°C = 313.15 K, T c = 405.5 K, P c = 11.35 MPa from Table A. 1 

3 


Table B. 2. 2: v = 0.2923 m /kg 

RT 0.48819 kJ/kgKx 313 K 


Ideal gas: 


v = 


500 kPa 


= 0.3056 nr /kg => 4.5% error 


313.15 


Figure D.l: T r = 495 5 = 0.772, P r = 


0.5 


405, 

ZRT 


11.35 


= 0.044 


Z = 0.97 


v 


= p = 0.2964 m /kg => 1.4% error 
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2.89 

A cylinder fitted with a frictionless piston contains butane at 25°C, 500 kPa. Can 
the butane reasonably be assumed to behave as an ideal gas at this state ? 

Solution 

Butane 25°C, 500 kPa, Table A. 2: T c = 425 K; P c =3.8MPa 

25 + 273 0.5 

T r~ 425 -°- 701; P r _ 3.8“ 0-13 

Look at generalized chart in Figure D.l 

Actual P r > P r sat = 0.1 => liquid! ! not a gas 

The pressure should be less than 380 kPa to have a gas at that T. 
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2.90 

Estimate the saturation pressure of chlorine at 300 K. 

Solution: 

We do not have a table in the B section for Chlorine so we must use the generalized 
chart. 

Table A.2: P c = 7.98 MPa, T c = 416.9 K 

T r = T/T c = 300 / 416.9 = 0.7196 
Figure D.l: P r sat = 0.13 (same estimation from Table D.4) 

P = P c P r sat = 7.98 x 0.13 = 1.04 MPa 

If you use the CATT3 program then you will find P r sat = 0.122 and P = 973 kPa 
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2.91 

A bottle with a volume of 0.1 m 3 contains butane with a quality of 75% and a 
temperature of 300 K. Estimate the total butane mass in the bottle using the 
generalized compressibility chart. 

Solution: 

We need to find the property v the mass is: m = V/v 

so find v given T , and x as : v = v f + x v fg 

Table A.2: Butane T c = 425.2 K P c = 3.8 MPa = 3800 kPa 
T r = 300/425.2 = 0.705 => 

From Fig. D. 1 or table D.4: Zf « 0.02; Z CT « 0.9; P r sat = 0.1 



2.0 


P = P sat = P r sat x P c = O.lx 3.80 MPa xlOOO kPa/MPa = 380 kPa 

v f = ZfRT/P = 0.02 x 0.14304 kJ/kgK x 300 K/380 kPa = 0.00226 m 3 /kg 

v g = Z„RT/P = 0.9 x 0.14304 kJ/kgK x 300 K/380 kPa = 0.1016 m 3 /kg 

v = 0.00226 + 0.75 x (0.1016 - 0.00226) = 0.076765 m 3 /kg 
V 0.1 

m “ v “ 0.076765 _ 1,303 kg 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



105 


Borgnakke and Sonntag 


2.92 


Find the volume of 2 kg of ethylene at 270 K, 2500 kPa using Z from Fig. D.l 

Ethylene Table A.2: T c = 282.4 K, P c = 5.04 MPa 

Table A.5: R = 0.2964 kJ/kg K 

The reduced temperature and pressure are: 


T = — = 

± r rp 


T 270 


2.5 


r - T c “ 282 


.4 - 0.956, P r - P - 5-04 - 


= 0.496 


Enter the chart with these coordinates and read: Z = 0.76 


mZRT 2 kg x 0.76 x 0.2964 kJ/kg-K x 270 K , 

V = — - 2500 kPa = 0.0487 m 3 
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2.93 


For T r = 0.7, what is the ratio v g /v f using Fig. D.l compared to Table. D.3 

For the saturated states we can use Fig. D.l with the estimates 

Z f = 0.02, Z g = 0.9 
so 

0.02 

v g /v f = (ZRT/P) g / (ZRT/P) f = Zg/Z f = = 0.0222 

Table D.3 list the entries more accurately than we can read the figure 

Z f = 0.017, Z g = 0.897 


so 


0.017 


Vg/v f = (ZRT/P) g / (ZRT/P) f = Zg/Z f = = 0.0189 
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2.94 

Argon is kept in a rigid 5 m 3 tank at -30°C, 3 MPa. Determine the mass using the 
compressibility factor. What is the error (%) if the ideal gas model is used? 

Solution: 

No Argon table, so we use generalized chart Fig. D.l 

T r = 243.15/150.8 = 1.612, P r = 3000/4870 = 0.616 => Z = 0.96 

_ PV _ 3000 kPa x 5 m 3 

m _ ZRT “ 0.96 x 0.2081 kJ/kgK x 243.2 K “ 308-75 kg 

Ideal gas Z = 1 
PV 

m = Tyrp = 296.4 kg 4% error 
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2.95 

Refrigerant R-32 is at -10 °C with a quality of 15%. Find the pressure and specific 
volume. 

Solution: 

For R-32 there is no section B table printed. We will use compressibility chart. 
From Table A.2: T c = 351.3 K; P c = 5.78 MPa; 

From Table A. 5: R = 0.1598 kJ/kg K 

T r = T/T c = 263/351.3 = 0.749 

From Table D.4 or Figure D.l, Zf « 0.029 ; Z g « 0.86 ; P r sat « 0.16 
P = P r sat P c = 0.16 x 5780 = 925 kPa 
v = v f + x Vfg = (Zf + x x Zfg) RT/P 
= [0.029 + 0.15 x (0.86 - 0.029)] x 0.1598 kJ/kg-K x 263 YU 925 kPa 

= 0.007 m 3 /kg 
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2.96 

To plan a commercial refrigeration system using R-123 we would like to know how 

much more volume saturated vapor R-123 occupies per kg at -30 °C compared to the 
saturated liquid state. 

Solution: 

For R-123 there is no section B table printed. We will use compressibility chart. 
From Table A.2 T c = 456.9 K ; P c = 3.66 MPa ; M = 152.93 

T r = T/T c = 243/456.9 = 0.53 

R = R/M = 8.31451 kJ/kmol-K / 152.93 kg/kmol = 0.0544 kJ/kgK 
The value of T r is below the range in Fig. D.l so use the table D.4 

Table D.4, Z g = 0.979 Z f = 0.00222 

Zf g =0.979-0.0022 = 0.9768; P r = P rsat = 0.0116 

p = p r x P c = 42.5 kPa 

v fg = Z fg RT/P = 0.9768 x 0.0544 kJ/kgK x 243 K / 42.5 kPa 

= 0.304 m^/kg 

Comment: If you check with the software the solution is off by a factor of 6. The 
linear interpolation is poor and so is the approximation for P r sat so the real 

saturation pressure should be 6.75 kPa. Also the very small value of Zf is 
inaccurate by itself, minute changes in the curve gives large relative variations. 
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2.97 

A new refrigerant R-125 is stored as a liquid at -20 °C with a small amount of vapor. 
For a total of 1.5 kg R-125 find the pressure and the volume. 

Solution: 

As there is no section B table use compressibility chart. 

Table A.2: R-125 T c = 339.2 K P c = 3.62 MPa 

T r = T / T c = 253.15 / 339.2 = 0.746 

We can read from Figure D. 1 or a little more accurately interpolate from table 
D.4 entries: 

P rsat = 0.16; Z„ = 0.86; Zf = 0.029 
P = P r sat P c = 0.16 x 3620 kPa = 579 kPa 

V liq = Z f m liq RT/P 

= 0.029 xl.5 kg X 0.06927 kJ/kgK x 253.15 YU 579 kPa 

= 0.0013 m 3 
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Equations of State 

For these problems see appendix D for the equation of state (EOS) and chapter 12. 
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2.98 

Determine the pressure of nitrogen at 160 K, v = 0.00291 m 3 /kg using ideal gas, 
van der Waal Equation of State and the nitrogen table. 


Nitrogen from table A. 2: T c = 126.2 K, P c = 3390 kPa, 


Ideal gas: 



0.2968 x 160 kJ/kg-K x K 
0.00291 m 3 /kg 


= 16 319 kPa 


For van der Waal equation of state from Table D.l we have 

1 RT C 0.2968 x 126.2 , 

b = g “p - = 0.125 x 3390 = 0-001 381 nr/kg, 

c 

a = 27 b 2 P c = 27 x (0.001 381) 2 x 3390 = 0.174 562 kPa (m 3 /kg) 2 


The EOS is: 


P = 


RT 

v-b 


a _ 0.2968 x 160 0.174 562 

v 2 “ 0.00291 - 0.001 381 “ q. 00291 2 “ 10 444 kPa 


Table B. 6.2: P = 10 000 kPa. 
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2.99 

Determine the pressure of nitrogen at 160 K, v = 0.00291 m 3 /kg using Redlich- 
Kwong Equation of State and the nitrogen table. 


Nitrogen from table A. 2: T c = 126.2 K, P c = 3390 kPa, 

T r = T/T c = 160/126.2 = 1.26783 


For Redlich-Kwong EOS we have the parameters from Table D.l 


b = 0.08664 


RT C 0.2968 x 126.2 3 


= 0.08664 x 


3390 

0.2968 2 x 126.2 2 


= 0.000 957 3 m /kg, 


r 2 t 2 

-1/2 AV A C U.Z,^UO A JLZ,U.Z, D 

a = 0.42748 T_ = 0.42748 x — 777 = 0. 157 122 kPa (m 3 /kg) 2 


1.2678 1/2 x 3390 


The equation is: 


RT a 
P = — 

v - b v 2 + bv 

0.2968 x 160 0.157122 

- 0.00291 - 0.000 9573 0.00291 2 + 0.000 9573 x 0.00291 

= 10 357 kPa 

Table B. 6.2: P = 10 000 kPa. 
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2.100 

Determine the pressure of nitrogen at 160 K, v = 0.00291 m 3 /kg using Soave 
Equation of State and the nitrogen table. 

Nitrogen from table A. 2: T c = 126.2 K, P c = 3390 kPa, 

T r = T/T c = 160/126.2 = 1.26783 


For Soave EOS see Appendix D (very close to Redlich-Kwong) 

RT a 

v - b v 2 + bv 

where the parameters are from Table D.l and D.4 
co = 0.039 

f = 0.48 + 1.574co-0.176co 2 = 0.54112 
a G = 0.42748 [1 + f(l - T* 72 ) ] 2 = 0.371184 

RT C 0.2968 x 126.2 , 

b = 0.08664 -p- = 0.08664 x = 0.000 957 3 m 3 /kg, 


a = 


r 2 t 2 

V A c U.47UO A. 1Z.U.Z, 'X 9 

0.37 1 1 84 = 0.37 1 1 84 x = 0. 153 6 16 kPa (m 3 /kg) 2 


0.2968 2 x 126.2 2 


3390 


P = 


RT 


a 


v - b v 2 + bv 
0.2968 x 160 


0.153 616 


0.00291 - 0.000 9573 0.00291 2 + 0.000 9573 x 0.00291 

= 10 669 kPa 


Nitrogen Table B. 6. 2: P = 10 000 kPa. 
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2.101 

Carbon dioxide at 60°C is pumped at a very high pressure 10 MPa into an oil well 
to reduce the oil viscosity for better oil flow. We want to find its specific volume 
from the C0 2 table, ideal gas and van der Waals equation of state by iteration. 


Table B.3.2: v = 0.00345 nr/kg. 


T , , RT 0.1889 x (60 + 273.15) kJ/kg-KxK 

Ideal gas: v = -p- = 10000 kPa = 0.006 293 m J /kg 


Carbon dioxide from table A. 2: T c = 304.1 K, P c = 7380 kPa, 

For van der Waal equation of state from Table D.l we have 

1RT C 0.1889 x304.1 , 

b = g “jT - = 0.125 x 7380 = 0.000 972 98 nr/kg, 

c 

a = 27 b 2 P c = 27 x (0.000 972 98) 2 x 7380 = 0.188 6375 kPa (m 3 /kg) 2 

RT a 

The EOS is: P = r - ~ 

v - b v 2 


Since it is nonlinear in v we use trial and error starting with the Table entry. 



0.1889 x333.15 

0.188 6375 „ 

v = 0.00345 : 

P “ 0.00345 - 0.000 972 98 

- 9 = 9557.8 kPa low 

0.00345 2 


0.1889x 333.15 i 

0.188 6375 

v = 0.003 

P “ 0.003 - 0.000 972 98 “ 

9 = 10 086.8 kPa high 

0.003 2 


0.1889x 333.15 

0.188 6375 

v = 0.00307 : 

P “ 0.00307 - 0.000 972 98 

9 =9995.4 OK. 
0.00307 2 


v = 0.00307 m 3 /kg 
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2.102 

Solve the previous problem using the Redlich-Kwong equation of state. Notice 
this becomes trial and error. 


Carbon dioxide from table A. 2: T r = 304.1 K, P r = 7380 kPa, 


T r = T/T c = 333.15/304.1 = 1.09553 


For Redlich-Kwong EOS we have the parameters from Table D.l 


RT, 


b = 0.08664 


= 0.08664 x 


0.1889x 304.1 


7380 
0.1889 2 x 304.1 2 


= 0.000 6744 nr/kg, 


r 2 t 2 

-1/2 1V A C U. 10037 A JUH.i 9 9 

a = 0.42748 T. = 0.42748 x 777 = 0. 1 8262 kPa (m 3 /kg) 2 


1.09553 172 x 7380 


The equation is: 

RT a 

P = — 

v - b v 2 + bv 

_ 0.1889 x333.15 0.18262 

~~ v- 0.000 6744 v 2 + 0.000 6744 x v 


Trial and error on v (start guided by Table B.3.2): 


v = 0.0035 m 3 /kg 

■=> 

P = 9772.8 kPa 

so v smaller 

v = 0.0033 m 3 /kg 

■=> 

P = 10044.7 kPa 

so v larger 

v = 0.0034 m 3 /kg 
linear interpolation gives 

■=> 

P = 9906.5 kPa 


v = 0.00333 m 3 /kg 

■=> 

P = 10002.7 kPa 

OK. 
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2.103 

Solve Problem 2.101 using the Soave equation of state, co = 0.239. Notice this 
becomes trial and error. 


Carbon dioxide from table A. 2: T c = 304.1 K, P c = 7380 kPa, 

T r = T/T c = 333.15/304.1 = 1.09553 

For Soave EOS see Appendix D (very close to Redlich-Kwong) 

RT a 

v - b v 2 + bv 

where the parameters are from Table D.l and D.4 

co = 0.239 

f = 0.48 + 1.574co-0.176co 2 = 0.84613 
a G = 0.42748 [1 + f (1 - T^ 2 ) ] 2 = 0.394381 

RT c 0.1889x 304.1 o 

b = 0.08664 -p- = 0.08664 x = 0.000 6744 m 3 /kg, 

c 

r2t c 0.1889 2 x 304. 1 2 , 9 

a = 0.394381 -p— = 0.394381 x =0.176 342 kPa (m 3 /kg) 2 

c 

The equation is: 

RT a 
P = — 

v - b v 2 + bv 


0.1889 x 333.15 _ 0.176 342 

000 - v - 0.000 6744 “ v 2 + aooo 6744 x v 

Trial and error on v (start guided by Table B.3.2): 


v = 0.0035 m 3 /kg 

■=> 

P = 10 202 kPa 

SO V 

larger 

v = 0.0036 m 3 /kg 

■=> 

P= 10 051 kPa 

SO V 

close 

v = 0.00363 m 3 /kg 

O 

P= 10 006 kPa 

OK 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



118 


Borgnakke and Sonntag 


2.104 

A tank contains 8.35 kg methane in 0.1 m 3 at 250 K. Find the pressure using ideal 
gas, van der Waal EOS and the methane table. 

The state is given by (T = 250 K, v = V/m = 0.1/8.35 = 0.011976 m 3 /kg) 


Table A. 2 or B.7.2: 

T c = 190.4 K, 

P c = 4600 kPa 
T 250 

Tr- T c - 190.4 ~~ 1313 



RT 0.5183 x250 

Ideal gas model: P = ~ = q 011976 — = ^ ^20 kPa 

For van der Waal equation of state from Table D.l we have 

1 RT C 0.5183 x 190.4 o 

b = g = 0.125 x 4600 = ^-002 681 64 nr/kg, 

a = 27 b 2 P c = 27 x (0.002 681 64) 2 x 4600 = 0.893 15 kPa (m 3 /kg) 2 

RT a 0.5183 x 250 0.89315 

The EOS is: P= r- “ = n ni . n nm i _ y=7714kPa 

v-b v z 0.011976-0.002 681 64 0.01 1976 2 

Locating the state in Table B.7.2: P = 8000 kPa, very close 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



119 


Borgnakke and Sonntag 


2.105 


Do the previous problem using the Redlich-Kwong equation of state. 


The state is given by (T = 250 K, v = V/m = 0.1/8.35 = 0.01 1976 nr /kg) 


Table A. 2 or B.7.2: 
T c = 190.4 K, 

P c = 4600 kPa 


T 250 

T - — 1313 

lr- T c - 190.4 



T 


Ideal gas model: 


RT 0.5183 x250 

P = = — = 10 820 kPa 


V 


0.011976 


For Redlich-Kwong equation of state we have the parameters from Table D.l 


b = 0.08664 


RT c 0.5183 x 190.4 3 


= 0.08664 x 


4600 


= 0.001 858 7 m /kg. 


a = 0.42748 T 


-1/2 r2 Tc 


0.5183 2 x 190. 4 2 


= 0.42748 x 777 = 0.789809 kPa (m 3 /kg) 2 


1.3 13 1/2 x 4600 


The equation is: 


RT a 

v - b v 2 + bv 

0.5183 x 250 0.789809 

~~ 0.011976 - 0.0018587 0.011976 2 + 0.0018587 x 0.011976 

= 8040 kPa 

Locating the state in Table B.7.2: P = 8000 kPa, very close 
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2.106 

Do Problem 2.104 using the Soave EOS. 

A tank contains 8.35 kg methane in 0.1 m 3 at 250 K. Find the pressure using ideal 
gas, van der Waal EOS and the methane table. 

The state is given by (T = 250 K, v = V/m = 0. 1/8.35 = 0.01 1976 m 3 /kg) 


Table A. 2 or B.7.2: 
T c = 190.4 K, 

P c = 4600 kPa 


T 250 
Tr “ T c “ 190.4 


1.313 



Ideal gas model: 



0.5183 x 250 
' 0.011976 


= 10 820 kPa 


For Soave EOS we have the parameters from Table D.l and D.4 

co = 0.011 

f = 0.48 + 1 ,574co - 0. 176co 2 = 0.49729 
a G = 0.42748 [1 + f (1 - t' /2 ) ] 2 = 0.367714 

RT C 0.5183 x 190.4 , 

b = 0.08664 -p- = 0.08664 x = 0.001 8587 m 3 /kg, 

c 

r2t c 0.5183 2 x 190.4 2 , 9 

a = 0.3677 14 -p— = 0.3677 14 x = 0.778 482 kPa (m 3 /kg) 2 

c 

The equation is: 

RT a 
P = — 

v - b v 2 + bv 

0.5183 x 250 0.778 482 

~~ 0.011976 -0.001 8587 0.011976 2 + 0.0018587 x 0.011976 

= 8108.7 kPa 

Locating the state in Table B.7.2: P = 8000 kPa 
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Review Problems 
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2.107 

Determine the quality (if saturated) or temperature (if superheated) of the 
following substances at the given two states: 

Solution: 

a) Water, EDO, use Table B.1.1 or B. 1.2 

1) 120°C, 1 m 3 /kg v > v g superheated vapor, T = 120 °C 

2) 10 MPa, 0.01 m 3 /kg => two-phase v < v ? 

x = ( 0.01 - 0.001452 ) / 0.01657 = 0.516 


b) Nitrogen, N 2 , table B.6 

1) 1 MPa, 0.03 m /kg => superheated vapor since v > v g 

Interpolate between sat. vapor and superheated vapor B.6. 2: 

0.03-0.02416 


T= 103.73 + (120-103.73) x 

.3 


= 117 K 


0.03117-0.02416 
2) 100 K, 0.03 nTVkg => sat. liquid + vapor as two-phase v < v g 
v = 0.03 = 0.001452 + x x 0.029764 => x = 0.959 
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2.108 

Give the phase and the missing properties of P, T, v and x. 

Solution: 

a. R-410A T = 10°C v = 0.01 m 3 /kg 

Table B. 4.1 v < v g = 0.02383 m 3 /kg 

sat. liquid + vapor. P = P sat = 1085.7 kPa, 

X = (v - v f )/v fg = (0.01 - 0.000886)/0. 02295 = 0.2713 

b. H 2 0 T = 350°C v = 0.2 m 3 /kg 

Table B.1.1 at given T: v > v g = 0.00881 m 3 /kg 

sup. vapor P = 1.40 MPa, x = undefined 

c. R-410A T=- 5 °C P = 600 kPa 

sup. vapor (P < P g = 678,9 kPa at -5°C) 

Table B.4.2: 

v = 0.0435 1 m 3 /kg at -8.67°C 
v = 0.04595 m 3 /kg at 0°C 

=> v = 0.04454 m 3 /kg at -5°C 

d. R-134a P = 294kPa, v = 0.05 m 3 /kg 

Table B. 5.1: v < v g = 0.06919 m 3 /kg 

two-phase T = T sat = 0°C 
X = (v - v f )/Vfg = (0.05 - 0.000773)/0. 06842 = 0.7195 

States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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2.109 

Find the phase, quality x if applicable and the missing property P or T. 
Solution: 

a. H 2 0 r=120°C v = 0.5 m 3 /kg 

Table B. 1.1 at given T: v < v g = 0.89186 

sat. liq. + vap. P = P sat = 198.5 kPa, 

X = (v - v f )/v fg = (0.5 - 0.00 106)/0. 8908 = 0.56 

b. H 2 0 P=100kPa v=1.8m 3 /kg 

Table B. 1.2 at given P: v > v g = 1.694 

sup. vap., interpolate in Table B.1.3 
1.8-1.694 

T = i T7777 \ (150 - 99.62) + 99.62 = 121.65 °C 

i.yjodo — i.by4 

c. H 2 0 T= 263 K v = 0.2 m 3 /kg 

Table B. 1.5 at given T = -10 °C: v < v g = 466.757 

sat. solid + vap., P = P sat = 0.26 kPa, 

X = (v - Vj)/v ig = (200 - 0.001)7466.756 = 0.4285 
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2.110 

Find the phase, quality x if applicable and the missing property P or T. 
Solution: 

a. NH 3 P = 800 kPa v = 0.2 m 3 /kg; 

Superheated Vapor (v > v g at 800 kPa) 

Table B 2.2 interpolate between 70°C and 80°C 

T = 71.4°C 

b. NH 3 T= 20°C v = 0. 1 m 3 /kg 

Table B. 2.1 at given T: v < v ? = 0.14922 

sat. liq. + vap. , P = P sat = 857.5 kPa, 

X = (v - v f )/vfg = (0.1 - 0.00164)/0. 14758 = 0.666 
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2.111 

Give the phase and the missing properties of P, T, v and x. These may be a little 
more difficult if the appendix tables are used instead of the software. 

a) R-410A at T = 10°C, v = 0.02 m 3 /kg: Table B.4.1 v > v g at 10°C 

=> sup. vap. Table B.4.2 interpolate between sat. and sup. both at 10°C 

0.036-0.03471 

P = 680.7 + (600 - 680.7) q 04018-0 03471 = ^61-7 kPa 

b) H 2 O v = 0.2 m 3 /kg , x = 0.5: Table B. 1.1 

sat. liq. + vap. v = (1-x) Vf + x v g => Vf + v g = 0.4 m 3 /kg 
since vy is so small we find it approximately where v g = 0.4 m 3 /kg. 
v f + v g = 0.39387 at 150°C, v f + v g = 0.4474 at 145°C. 

An interpolation gives T = 149.4°C, P = 468.2 kPa 

c) H 2 0 T=60°C, v = 0.001016 m 3 /kg: Table B. 1.1 v < v f = 0.001017 

=> compr. liq. see Table B. 1.4 
v = 0.001015 at 5 MPa so P = 0.5(5000 + 19.9) = 2.51 MPa 

d) NH 3 r=30°C, P = 60kPa: Table B.2.1 P < P sat 

=> sup. vapor interpolate in Table B. 2. 2 (50 kPa to 100 kPa) 

v = 2.9458 + (1.4657 - 2.9458) ^qq'.^q = 2.65 m 3 /kg 

v is not linearly proportional to P (more like 1/P) so the computer table 
gives a more accurate value of 2.45 m 3 /kg 

e) R-134a v = 0.005 m 3 /kg , x = 0.5: sat. liq. + vap. Table B. 5.1 

v = (1-x) Vf + x Vg => Vf + Vg = 0.01 m 3 /kg 

v f + v g = 0.010946 at 65°C, v f + v g = 0.009665 at 70°C. 

An interpolation gives: T = 68.7°C, P = 2.06 MPa 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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2.112 

Refrigerant-4 10a in a piston/cylinder arrangement is initially at 50°C, x = 1 . It is then 

expanded in a process so that P = Cv ^ to a pressure of 100 kPa. Find the final 
temperature and specific volume. 

Solution: 

State 1: 50°C,x= 1 Table B.4.1: P 1 = 3065.2 kPa, Vj = 0.00707 m 3 /kg 

Process: Pv = C = P ( V] ; => P 2 = C/v 2 = PiVi/v 2 

State 2: 100 kPa and v 2 = VjPj^ = 0.2167 m 3 /kg 

v 0 < v at 100 kPa, T 0 = -51.65°C from Table B.4.2 

2 g ’2 

Notice T is not constant 




The first part of the process may be in the sup. vapor region. 
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2.113 

Consider two tanks, A and B, connected by a valve, as shown in Fig. P2.113. 

Each has a volume of 200 L and tank A has R-410A at 25 °C, 10% liquid and 90% 
vapor by volume, while tank B is evacuated. The valve is now opened and 
saturated vapor flows from A to B until the pressure in B has reached that in A, at 
which point the valve is closed. This process occurs slowly such that all 
temperatures stay at 25 °C throughout the process. How much has the quality 
changed in tank A during the process? 

Solution: 


(vl 

i lAj 

A 


r \ 

B 

vacuum 



State Al: Table B.4.1 v f = 0.000944 m 3 /kg, v g = 0.01514 m 3 /kg 

_ V liql V vapl _ 0.1 x 0,2 0.9 x 0.2 

m Al -v f25 o C + v g 25 o C _ 0.000944 + 0.01514 

= 21.186+ 11.889 = 33.075 kg 
11.889 

X A1 “ 33.075 - 03594 ; 

State B2: Assume A still two-phase so saturated P for given T 

V B 0.2 

m B2 “ Vg 250C “ 0.01514 “ 13 ‘ 210 kg 
State A2: mass left is m A0 = 33.075 - 13.210 = 19.865 kg 

0.2 

V A2 = 19 865 = °-° 10068 = 0.000944 + x A2 x 0.01420 
X A2 = °' 6425 Ax = °‘ 283 
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2.114 

Water in a piston/cylinder is at 90°C, 100 kPa, and the piston loading is such that 
pressure is proportional to volume, P = CV. Heat is now added until the temperature 
reaches 200°C. Find the final pressure and also the quality if in the two-phase region. 
Solution: 

Final state: 200°C , on process line P = CV 

State 1: Table B. 1.1: v 1 = 0.001036 m 3 /kg 

P 9 = P | v 2 /v | from process equation 
Check state 2 in Table B.1.1 

v (T 9 ) = 0.12736; P CT (T 9 ) = 1.5538 MPa 

If v 9 = v g (T 2 ) => P 9 = 12.3 MPa > P Q not OK 

If sat. P 9 = Pg(T 2 ) = 1553.8 kPa => v 9 = 0.0161 m 3 kg < v g sat. OK, 

P 9 = 1553.8 kPa, x 9 = (0.0161 - 0.001 156) / 0.1262 = 0.118 
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2.115 

A tank contains 2 kg of nitrogen at 100 K with a quality of 50%. Through a volume 
flowmeter and valve, 0.5 kg is now removed while the temperature remains constant. 
Find the final state inside the tank and the volume of nitrogen removed if the 
valve/meter is located at 

a. The top of the tank 

b. The bottom of the tank 


Solution 


Table B. 6.1: 



v j = 0.001452 + x : x 0.029764 = 0.016334 m 3 /kg 

Vtank = m l v l = 0.0327 m 3 
m 2 = m i - 0.5 = 1.5 kg 

v 2 = v tank /m 2 = 0 - 0218 < v g( T) 
0.0218-0.001452 

x 2“ 0.031216-0.001452“ 0,6836 


Q 'l 

Top: flow out is sat. vap. v g = 0.031216 m /kg, V out = m out v g = 0.0156 m 
Bottom: flow out is sat. liq. v f = 0.001452 V out = m out v f = 0.000726 m 3 
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2.116 

A spring-loaded piston/cylinder contains water at 500°C, 3 MPa. The setup is 
such that pressure is proportional to volume, P = CV. It is now cooled until the 
water becomes saturated vapor. Sketch the P-v diagram and find the final 
pressure. 

Solution: 

State 1: Table B. 1.3: Vj = 0.11619 m 3 /kg 

Process: m is constant and P = C Q V = C Q m v = C v 

P = Cv => C = P 1 /v 1 = 3000/0.11619 = 25820 kPa kg/m 3 
State 2: x 9 = 1 & P 9 = Cv 9 (on process line) 



v 


Trial & error on T 2sat or P 2sat : 

Here from B.1.2: 

at 2 MPa v g = 0.09963 => C = 20074 (low) 
2.5 MPa v g = 0.07998 => C = 31258 (high) 
2.25 MPa v = 0.08875 => C = 25352 (low) 

C> 


Interpolate to get the right C => P-, = 2270 kPa 
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2.117 

A container with liquid nitrogen at 100 K has a cross sectional area of 0.5 m 2 . 

Due to heat transfer, some of the liquid evaporates and in one hour the liquid level 
drops 30 mm. The vapor leaving the container passes through a valve and a heater 
and exits at 500 kPa, 260 K. Calculate the volume rate of flow of nitrogen gas 
exiting the heater. 

Solution: 

Properties from table B.6.1 for volume change, exit flow from table B.6.2: 

AV = A x Ah = 0.5 x 0.03 = 0.015 m 3 

-AV/v f = -0.015/0.001452 = -10.3306 kg 

: AV/v = 0.015/0.0312 = 0.4808 kg 

o 

10.3306 - 0.4808 = 9.85 kg 
0.15385 m 3 /kg 

V = mv £xit = (9.85 / 1 h)x 0.15385 m 3 /kg 
= 1.5015 m7h = 0.02526 m 3 /min 
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2.118 

For a certain experiment, R-410A vapor is contained in a sealed glass tube at 20°C. 
It is desired to know the pressure at this condition, but there is no means of 
measuring it, since the tube is sealed. However, if the tube is cooled to -20°C small 
droplets of liquid are observed on the glass walls. What is the initial pressure? 

Solution: 

Control volume: R-410A fixed volume (V) & mass (m) at 20°C 
Process: cool to -20°C at constant v, so we assume saturated vapor 

State 2: v 2 = v g at 2QOC = 0.06480 m 3 /kg 

State 1: 20°C, v 2 = v 2 = 0.06480 m 3 /kg 

interpolate between 400 and 500 kPa in Table B.4.2 

=> Px = 485 kPa 
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2.119 

A cylinder/piston arrangement contains water at 105°C, 85% quality with a 
volume of 1 L. The system is heated, causing the piston to rise and encounter a 
linear spring as shown in Fig. P2.119. At this point the volume is 1.5 L, piston 
diameter is 150 mm, and the spring constant is 100 N/mm. The heating continues, 
so the piston compresses the spring. What is the cylinder temperature when the 
pressure reaches 200 kPa? 

Solution: 


P 1 = 120.8 kPa, v : =v f + x v fg = 0.001047 + 0.85*1.41831 = 1.20661 

0.001 4 
m = V i 7 v i =120661= 8-288x10 4 kg 

v 2 = Vj (V 2 / Vj) = 1.2066 lx 1.5 = 1.8099 200 

&P = P 1 = 120.8 kPa (T 2 = 203.5°C) 

P 3 = P 0 + (k s /Ap ) m(v 3 - v 2 ) linear spring 

Ap = (7t/4) x 0.15“ = 0.01767 m“ ; k s = 100 kN/m (matches P in kPa) 

200 = 120.8 + (100/0.01767 2 ) x 8.288xl0' 4 (v 3 - 1.8099) 

200= 120.8 + 265.446 (v 3 - 1.8099) => v 3 = 2.1083 m 3 /kg 
T 3 = 600 + 100 x (2.1083 - 2.01297)/(2.2443-2.01297) = 641°C 
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2.120 

Determine the mass of methane gas stored in a 2 m 3 tank at -30°C, 2 MPa. Estimate 
the percent error in the mass determination if the ideal gas model is used. 

Solution: 


Table B. 7 

Methane Table B.7.1 at -30°C = 243.15 K > T c = 190.6 K, so superheated 
vapor in Table B.7.2. Linear interpolation between 225 and 250 K at 2 MPa. 


=> v = 0.05289 + 


243.15-225 

250-225 


x (0.0605 9 - 0.05289) = 0.05848 m 3 /kg 


m = V/v = 2/0.05848 = 34.2 kg 


Ideal gas assumption 

RT 0.51835 x 243.15 


v = 


2000 


= 0.06302 nr /kg 


Error: 


m_ v - 0.06302 - 31/74 k § 


Am = 2.46 kg ; ideal gas 7.2% too small 


Comment: The compressibility of the methane Z = 0.93. 
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2.121 

A cylinder containing ammonia is fitted with a piston restrained by an external force 
that is proportional to cylinder volume squared. Initial conditions are 10°C, 90% 
quality and a volume of 5 L. A valve on the cylinder is opened and additional 
ammonia flows into the cylinder until the mass inside has doubled. If at this point the 
pressure is 1.2 MPa, what is the final temperature? 


Solution: 

State 1 Table B.2.1: Vj = 0.0016 + 0.9(0.205525 - 0.0016) = 0.18513 m 3 /kg 
P 1 = 615kPa; Vj = 5 L = 0.005 m 3 


= V/v = 0.005/0.18513 = 0.027 kg 
State 2: P 0 = 1.2 MPa, Flow in so: im, = 2 m 1 = 0.054 kg 

Process: Piston F £Xt = KV 2 = PA => P = CV 2 => P 2 = Pj (V/Vj) 2 
From the process equation we then get: 


1/2 i z<uu a 

v 2 = Vj (P^pp = 0.005 (yyy) = 0.006984 m J 


1200 1/2 


v 0 = V/m = 
At P 2 , v 2 : 


0.006984 
0.054 _ 

T 2 = 70.9° 


0.12934 m 3 /kg 
C 
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2.122 

A cylinder has a thick piston initially held by a pin as shown in Fig. P2.122. The 
cylinder contains carbon dioxide at 200 kPa and ambient temperature of 290 K. 
The metal piston has a density of 8000 kg/m 3 and the atmospheric pressure is 101 
kPa. The pin is now removed, allowing the piston to move and after a while the 
gas returns to ambient temperature. Is the piston against the stops? 


Solution: 

Force balance on piston determines equilibrium float pressure. 


Piston nip = Ap x / x p 


Ppiston = 8000 k 8 /m 


m 


pg 


ext on C0 0 ^*0 + Ap 


= 101 + 


A p x 0.1 x 9.807 x 8000 
A p x 1000 


= 108.8 kPa 


Pin released, as Pj > P £xt piston moves up, T 0 = T 0 & if piston at stops, 
then V 0 = V : x H 2 /H, = Vj x 150 / 100 
Ideal gas with T-, = T { then gives 

100 

=* P 2 = P 1 xV 1 /V 2 = 200 x I ^=133kPa>P ext 

=^> piston is at stops, and P, = 133 kPa 
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2.123 

What is the percent error in pressure if the ideal gas model is used to represent the 

behavior of superheated vapor R-410A at 60°C, 0.03470 m 3 /kg? What if the 
generalized compressibility chart, Fig. D.l, is used instead (iterations needed)? 

Solution: 

Real gas behavior: P= 1000kPa from Table B. 4. 2 

Ideal gas constant: R = R/M = 8.31451/72.585 = 0.1146 kJ/kg K 

P = RT/v = 0.1146 x (273.15 + 60) / 0.0347 
= 1100 kPa which is 10% too high 
Generalized chart Fig D.l and critical properties from A. 2: 

T r = 333.2/(273.15 + 71.3) = 0.967; P c = 4901 kPa 

Assume P = 1000 kPa => P r = 0.204 => Z = 0.92 

v = ZRT/P = 0.92 x 0.1146 kJ/kg-K x 333.15 K/1000 kPa 

= 0.03512 m 3 /kg too high 
Assume P = 1050 kPa => P r = 0.214 => Z = 0.915 

v = ZRT/P = 0.915 x 0.1 146 kJ/kg-K x 333.15 K/ 1050 kPa 

= 0.03327 m 3 /kg too low 

0.03470-0.03512 

P = 1000 + ( 1050 - 1000 ) x Q 0 3327 _ QQ3512 = 1011 kPa 11 % hi § h 
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2.124 

An initially deflated and flat balloon is connected by a valve to a 12 m 3 storage 
tank containing helium gas at 2 MPa and ambient temperature, 20°C. The valve is 
opened and the balloon is inflated at constant pressure, P a = 100 kPa, equal to 

ambient pressure, until it becomes spherical at = 1 m. If the balloon is larger 
than this, the balloon material is stretched giving a pressure inside as 

f DADl 

P = P +C 1- 

r 0 + ^ ^ D J D 

The balloon is inflated to a final diameter of 4 m, at which point the pressure 
inside is 400 kPa. The temperature remains constant at 20°C. What is the 
maximum pressure inside the balloon at any time during this inflation process? 
What is the pressure inside the helium storage tank at this time? 


Solution: 

At the end of the process we have D = 4 m so we can get the constant C as 
P = 400 = P 0 + C( = 100 + Cx3/16 => C = 1600 kPa 

The pressure is: P = 100 + 1600 ( 1 - X _1 ) X -1 ; X = D/Dj 

dP _7 i 

Differentiate to find max: = C ( - X +2X )/D 1 =0 

=> -X 4 +2X^ 3 =0 => X = 2 

at max P => D = 2D j = 2 m; V = D 3 = 4. 1 8 m 3 

1 1 

Pmax = 100 + 1600 ( 1 ~ 2 ) 2 = ^0 kPa 


PV 500 x 4.189 

Helium is ideal gas A.5: m = ^ = 2 0771 x 293 15 = 3 ' 44 
_ PV _ 2000 x 12 

m TANK, 1 - RT - 2.0771 X 293.15 - 39-416 k § 
m X ANK, 2 = 39.416 - 3.44 = 35.976 kg 

P T 2 = m TANK , 2 RT/V = ( m TANK , 1 / m TANK , 2 ) x Pi = 1825.5 kPa 
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2.125 

A piston/cylinder arrangement, shown in Fig. P2.125, contains air at 250 kPa, 
300°C. The 50-kg piston has a diameter of 0.1 m and initially pushes against the 
stops. The atmosphere is at 100 kPa and 20°C. The cylinder now cools as heat is 
transferred to the ambient. 

a. At what temperature does the piston begin to move down? 

b. How far has the piston dropped when the temperature reaches ambient? 

Solution: 


Piston Ap = ^ x 0. 1 2 = 0.00785 m 2 

Balance forces when piston floats: 

^pg 50 x 9.807 

P float - P o + Ap - 100 + 0.00785 x 1000 

= 162.5 kPa = P 2 = P 3 
To find temperature at 2 assume ideal gas: 



p 2 162.5 

T 2 = T l X P ^ =573 ‘ 15 x ^50~ = 372 - 5K 
b) Process 2 -> 3 is constant pressure as piston floats to T 3 = T 0 = 293.15 K 

V 2 = V 1 = A p xH = 0.00785 x 0.25 = 0.00196 m 3 = 1.96 L 

t 3 293.15 

Ideal gas and P^ = P , => V 3 = V 2 x — = 1 .96 x 5 = 1-54 L 
AH = (V 2 -V 3 )/A = (1.96-1.54) x 0.001/0.00785 = 0.053 m = 5.3 cm 
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Linear Interpolation 
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2.126 

Find the pressure and temperature for saturated vapor R-410A with v = 0.1 m /kg 
Solution: 

Table B.4. 1 Look at the saturated vapor column v g and it is found between -35°C 
and -30°C. We must then do a linear interpolation between these values. 


T = -35 + [ -30 - (-35)] 


0.1-0.11582 

0.09470-0.11582 


= -35 + 5 x 0.749 = -31.3°C 


P = 218.4 + (269.6 - 218.4) x 0.749 = 256.7 kPa 



To understand the interpolation equation look at the smaller and larger 
triangles formed in the figure. The ratio of the side of the small triangle in v as 
(0.11582 - 0.1) to the side of the large triangle (0.11582 - 0.09470) is equal to 
0.749. This fraction of the total AP = 269.6 - 218.4 or AT = -30 - (-35) is 
added to the lower value to get the desired interpolated result. 
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2.127 

Use a linear interpolation to estimate properties of ammonia to fill out the table 
below 



P [kPa] 

T[°C] 

v [m 3 /kg] 

X 

a) 

550 



0.75 

b) 

80 

20 



c) 


10 

0.4 



Solution: 


a) 



c) 


Find the pressures in Table B.2.1 that brackets the given pressure. 

550-515.9 o 

T = 5 + (10 - 5) 615 2-515 9 = 5 + 5 x 0341 = 6/7 C 

v f = 0.001583 + (0.0016 - 0.001583) 0.341 = 0.001589 m 3 /kg 

v g = 0.24299 + (0.20541 - 0.24299) 0.341 = 0.230175 m 3 /kg 
v = v f + xVfg = 0.001589 + 0.75(0.230175 - 0.001589) 

= 0.1729 m 3 /kg 

Interpolate between 50 and 100 kPa to get properties at 80 kPa 

80-50 

v = 2.8466 + (1.4153 - 2.8466) _ 5Q 

= 2.8466 + ( - 1.4313) x 0.6 = 1.9878 m 3 /kg 
x: Undefined 

Table B.2.1: v > v g so the state is superheated vapor. 

Table B.2.2 locate state between 300 and 400 kPa. 


P = 300 + (400 - 300) 
= 300 + 100 x 0.368 


0,4-0,44251 
0.32701 -0.44251 

= 336.8 kPa 


x: Undefined 
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2.128 

Use a linear interpolation to estimate Tsat at 900 kPa for nitrogen. Sketch by hand 
the curve Psat(T) by using a few table entries around 900 kPa from table B.6.1. Is 
your linear interpolation over or below the actual curve? 

Solution: 

The 900 kPa in Table B.6.1 is located between 100 and 105 K. 

900 - 779.2 

T - 100 + ( 105 - 100) 10g4 6 _ 779 2 
= 100 + 5 x 0.3955 = 102 K 

The actual curve has a positive second derivative (it curves up) so T is 
slightly underestimated by use of the chord between the 100 K and the 105 K 
points, as the chord is above the curve. 


1467.6 

1084.6 
900 
779.2 

100 105 110 
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2.129 

Use a double linear interpolation to find the pressure for superheated R-134a at 
13°C with v = 0.3 m 3 /kg. 

Solution: 

Table B.5.2: Superheated vapor 
At 10°C, 0.3 m 3 /kg 

0.3 - 0.45608 

P - 50 + ( 100 - 50) x q 22527 - 0.45608 - 83-8 kPa 
At 20°C, 0.3 m 3 /kg 

0.3 - 0.47287 

P = 50 + (100 - 50) x o 23392 - 0 47287 = ^6-2 kPa 

Interpolating to get 13°C between the 10°C and 20°C P’s above, 

P = 83.8 + (3/10) x (86.2 - 83.8) = 84.5 kPa 

This could also be interpolated as following: 

At 13°C, 50 kPa, v = 0.45608 + (3/10) x 0.0168 = 0.461 1 m 3 /kg 

At 13°C, 100 kPa, v = 0.22527 + (3/10) x 0.0087 = 0.2279 m 3 /kg 

Interpolating at 0.3 m /kg. 

0.3-0.4611 

P = 50 + (100 - 50) x o 2279 — 0~46lT = kPa 
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2.130 

Find the specific volume for CCb at 0°C and 625 kPa. 


Solution: 


The state is superheated vapor in Table B.3.2 between 400 and 800 kPa. 

625 - 400 

v = 0.12552 + (0.06094 - 0.12552) _ 

= 0.12552 + ( - 0.06458) x 0.5625 = 0.0892 m 3 /kg 


iv 
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Computer Tables 
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2.131 

Use the computer software to find the properties for water at the 4 states in 
Problem 2.35 


Start the software, click the tab for water as the substance, and click the 
small calculator icon. Select the proper CASE for the given properties. 


CASE RESULT 

a) 1 (T, P) Compressed liquid, x = undefined, v = 0.001002 m 3 /kg 

b) 5 (P, v) Two-phase, T = 151.9°C, x = 0.5321 

c) 1 (T, P) Sup. vapor, x = undefined, v = 0.143 m 3 /kg 

d) 4 (T, x) P = P sat = 8581 kPa, v = 0.01762 m 3 /kg 
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2.132 

Use the computer software to find the properties for ammonia at the 2 states listed 
in Problem 2.32 


Start the software, click the tab for cryogenic substances, and click the tab 
for the substance ammonia. Then click the small calculator icon and select the 
proper CASE for the given properties. 


CASE 

a) 2 (T, v) 

b) 4 (T, x) 


RESULT 

Sup. vapor, x = undefined, P = 1200 kPa 
Two-phase, P = 2033 kPa, v = 0.03257 m 3 /kg 
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2.133 

Use the computer software to find the properties for ammonia at the 3 states listed 
in Problem 2.127 


Start the software, click the tab for cryogenic substances, 
select ammonia and click the small calculator icon. Select the proper 
CASE for the given properties. 



CASE 

RESULT 


a) 

8 (P, x) 

T = 6.795°C, v = 0.1719 m 3 /kg 


b) 

1 (T, P) 

Sup. vapor, x = undefined, v = 1.773 

m 3 /kg 

c) 

2 (T, v) 

Sup. vapor, x = undefined, P = 330.4 

kPa 
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2.134 

Find the value of the saturated temperature for nitrogen by linear interpolation in 
table B.6.1 for a pressure of 900 kPa. Compare this to the value given by the 
computer software. 

The 900 kPa in Table B.6.1 is located between 100 and 105 K. 

900 - 779.2 

T - 100 + (105 - 100) 10g4 6 _ 7?9 2 
= 100 + 5 x 0.3955= 101.98 K 

The actual curve has a positive second derivative (it curves up) so T is 
slightly underestimated by use of the chord between the 100 K and the 105 K 
points, as the chord is above the curve. 

From the computer software: 

CASE: 8 (P,x) T = -171°C = 102.15 K 
So we notice that the curvature has only a minor effect. 
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2.135 

Use the computer software to sketch the variation of pressure with temperature in 
Problem 2.44. Extend the curve a little into the single-phase region. 

P was found for a number of temperatures. A small table of (P, T) values were 
entered into a spreadsheet and a graph made as shown below. The 

superheated vapor region is reached at about 140°C and the graph shows a 
small kink at that point. 



T 
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2.136 

Cabbage needs to be cooked (boiled) at 250 F. What pressure should the pressure 
cooker be set for? 

Solution: 

If I need liquid water at 250 F, I must have a pressure that is at least the saturation 
pressure for this temperature. 

Table F.7.1: 250 F P sat = 29.823 psia. 



The pot must have a 
lid that can be 
fastened to hold the 
higher pressure, 
which is a pressure 
cooker. 
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2.137 

If I have 1 ft 3 of ammonia at 15 psia, 60 F how much mass is that? 


Ammonia Tables F.8: 

F.8.1 P sat = 107.64 psia at 60 F so superheated vapor. 


F.8. 2 v = 21.5641 ft 3 /lbm under subheading 15 psia 
V 1 ft 3 

m = — = T7T777TTT — = 0.0464 lbm 
v 21.5641 ft 3 /lbm 
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File Edit Tables/Substances Options Help 



i Unit- 


Ammonia Properties 


T 

60 

F 

P 

15 

psia 

V 

21.56 

ft3/lbm 

u 

587.7 

Btu/lbm 

H 

647.5 

Btu/lbm 

S 

1.489 

Btu/lbm/R 


X 


P 

r 

e 

$ 

$ 

u 

r 

e 


(°J 


1E4-f 


1E3- 


1E2- 


10 - 


P-V Diagram (Log-Log) 



0.01 0.1 1 10 100 1000 
Specific Volume 


The P-v (log-log) diagram from CATT3, P in psi and v in ft /lbm. Cross-hair 
indicates the state. 
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2.138 

For water at 1 atm with a quality of 10% find the volume fraction of vapor. 

This is a two-phase state at a given pressure: 

Table F.7.2: v f = 0.01 672 ft 3 /lbm, v g = 26.8032 ft 3 /lbm 

From the definition of quality we get the masses from total mass, m, as 
m f = (l-x)m, m g = x m 

The volumes are 

V f = m f v f = (1 -x) m v f , V g = m g v g = x m v g 

So the volume fraction of vapor is 

V 2 V g x m v g 

Fiaction - y - y g + Vf - x m v g + (1 - x)m v f 

0.1 x 26.8032 2.68032 

— — = 0 0044 

0.1 x 26.8032 + 0.9 x 0.016 72 2.69537 

Notice that the liquid volume is only about 0.5% of the total. We could also have 
found the overall v = Vf + xv fg and then V = m v. 
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2.139 

Locate the state of R-410A at 30 psia, -20 F. Indicate in both the P-v and the T-v 
diagrams the location of the nearest states listed in the printed table F.9 

From F.9: F.9.1 at -20 F, P sat = 40.923 psi so we have superheated vapor. 

F.9. 2 at 30 psi we find the state for -20 F. 
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T 
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F 

P 

30 

psia 

V 

2.035 

ft3/lbm 

u 
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Btu/lbm 

H 
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Btu/lbm 

S 

0.2732 

Btu/lbm/R 


P 

r 

e 

s 

s 

u 

r 

e 


1E3- 
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P-V Diagram (Log-Log) 
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Specific 
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Specific 

Enfhalpy 


Specific 

Entropy 


F 

-20 


psia 

30 


ft3/lbm 

2.035 


Btu/lbm 

105.2 


Btu/lbm 

116.5 


Btu/lbm/R 

0.2732 


Quality 


V Water ^ Refrigerants / . Cryogenics /. Air /. Ideal Gases / Compressibility / PsychrometricsT ' 
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2.140 

Calculate the ideal gas constant for argon and hydrogen based on Table F.l and 
verify the value with Table F.4 


The gas constant for a substance can be found from the universal gas constant 
from table A.l and the molecular weight from Table F.l 


Argon: 


_ R_ _ 1.98589 _ 
R_ M _ 39.948 " 


0.04971 


Btu 
lbm R 


38.683 


lbf-ft 
lbm R 


Hydrogen: 


_ R_ _ 1.98589 
R- M “ 2.016 


0.98506 


Btu 
lbm R 


766.5 


lbf-ft 
lbm R 


Recall from Table A.l: 1 Btu = 778.1693 lbf-ft 
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Phase Diagrams 
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2.141 

Water at 80 F can exist in different phases dependent on the pressure. Give the 
approximate pressure range in lbf/in 2 for water being in each one of the three 
phases, vapor, liquid or solid. 


Solution: 

The phases can be seen in Fig. 2.4, a sketch 
of which is shown to the right. 

T = 80 F = 540 R = 300 K 
From Fig. 2.4: 

P VL « 4 x 10 -3 MPa = 4 kPa = 0.58 psia, 
P LS = 10 3 MPa = 145 038 psia 



T 


0.58 psia 


0 < P < 0.58 

< P < 145 038 
P > 145 038 


psia VAPOR 
psia LIQUID 
psia SOLID(ICE) 
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2.142 

A substance is at 300 lbf/in. 2 , 65 F in a rigid tank. Using only the critical 
properties can the phase of the mass be determined if the substance is oxygen, 
water or propane? 


Solution: Find state relative to the critical point properties, Table F.l 


a) 

Oxygen 

731 lbf/in. 2 

278.3 R 

b) 

Water 

3208 lbf/in. 2 

1165.1 R 

c) 

Propane 

616 lbf/in 2 

665.6 R 


P<P C 

for all and 

T = 65 F = 65 + 459.67 = 525 R 

a) 

o 2 

T 

» T c 

Yes gas and P < P c 

b) 

h 2 o 

T 

« T c 

P « P c so you cannot say 

c) 

c 3 h 8 

T 

< T c 

P < P c you cannot say 



i 

InP 

1 





Liquid/* 

77 

Cr.P. 

• 

a 




V 

Vapor 


T 
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2.143 

Determine the missing property (of P, T, v, and x if apllicable) for water at 

a. 680 lbf/in. 2 , 0.03 ft 3 /lbm 

b. 150 lbf/in. 2 , 320 F 

c. 400 F, 3 ft 3 /lbm 


Solution: All cases can be seen from Table F.7.1 

a. 680 lbf/in. 2 , 0.03 ft 3 /lbm 

Vg = 0.2183, V|- = 0.02472 ft 3 /lbm, so liquid + vapor mixture 

b. 150 lbf/in. 2 , 320 F: compressed liquid P > P gat (T) = 89.6 lbf/in 2 

c. 400 F, 3 ft 3 /lbm: sup. vapor v > v (T) = 2.339 ft 3 /lbm 

C> 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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2.144 

Determine the phase of the substance at the given state using Appendix F Tables. 
Solution: 


a. water 200 F, 70 psia: 

F.7.1at200F P > P gat (T) = 11.53 psia => compressed liquid 

b. Ammonia 10 F, 20 lbf/in. 2 : 

F.8.1atl0F P< P sat (T) = 38.508 lbf/in 2 => sup. vapor 

F.8.2: Superheated by (20 - (-16.63)) F = 36.6 F, v = 14.7635 ft 3 /lbm 

c. R-410A 30 F, 50 ft 3 /lbm 

F.9.1at30F: P < P sat (T) = 111.8 lbf/in 2 => sup. vapor, 

F.9.2: Interpolate to find v 


The S-L fusion line goes slightly to the 
left for water. It tilts slightly to the right 
for most other substances. 



States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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2.145 


Give the phase and the missing property of P, T, v and x for R-134a at 

a. T = -10 F, P = 18 psia 

b. P = 40 psia, v = 1 .3 ft 3 /lbm 

Solution: 

a. Look in Table F. 10.1 at -10 F: P > P sat = 16.76 psia 

This state is compressed liquid so x is undefined and v = Vf = 0.01 173 ft 3 /lbm 

b. Look in Table F.10.1 close to 50 psia there we see 

v > v g = 0.95 ft 3 /lbm so superheated vapor 

Look then in Table F.10.2 under 40 psia and interpolate between the 60 F and 
80 F. 

(40 psia, 1.3 ft 3 /lbm) : T = 66.6 F 

For a better accuracy use the computer software CATT3 which gives T = 67.4 F. 
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Give the phase and the missing property of P, T, v and x for ammonia at 

a. T= 120 F, v= 1.876 ft 3 /lbm 

b. T = 120 F, x = 0.5 

Solution: 

a. Look in Table F.8.1 at 120 F: v > v g = 1.0456 ft 3 /lbm so sup vap 

x = undefined, F.8.2 P = 175 psia 

b. Look in Table F.8.1 at 120 F: 

V = Vf + X v fg = 0.02836 + 0.5 x 1.0172 = 0.53696 ft 3 /lbm 
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Give the phase and the specific volume. 

Solution: 

a. R-410A T=-25F, P = 30 lbf/in 2 Table F.9.2 T > T sat = -33.24 F 

-25+33.24 

=> sup.vap. v = 1.9534 + 09+33 24 (2-0347 - 1.9534) = 2.004 ft 3 /lbm 

b. R-410A T=-25F, P = 40 lbf/in . 2 Table F.9.2 T < T sat = -21.0 F 
P > P sat => compresssed Liquid F.9. 1 : v = v^ = 0.01246 ft 3 /lbm 

c. H 2 0 T = 280 F, P = 35 lbf/in . 2 Table F.7.1 P < P sat = 49.2 psia 

=> superheated vapor 

v = 21.734 + ( 10.711 - 21.734) x( 15/20) = 1.0669 ft 3 /lbm 

d. NH 3 T=60F, P= 15 lbf/in . 2 Table F.8.1 P sat = 107.6 psia 

P < P sat => superheated vapor v = 21.564 ft 3 /lbm 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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Determine the specific volume for R-410A at these states: 

a. 20 F, 70 psia 

b. 70 F, 150 psia 

c. 70 F, quality 25% 

a. F.9.2 P< P gat = 93.13 psia so sup vapor. 

v = 1 .0783 + 7 J 7 H (0.8393 - 1 .0783) = 0.9190 ft 3 /lbm 

b. F.9.1 P < P sat = 215.95 psia so superheated vapor 

F.9.2: v = 0.4236 + ™ \ ^ (0.4545 - 0.4236) = 0.43905 ft 3 /lbm 

c. F.9.1 v f = 0.01486 ft 3 /lbm, v fg = 0.2576 ft 3 /lbm 

v = Vf + x v fg = 0.01486 + 0.25 x 0.2576 = 0.07926 ft 3 /lbm 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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Give the missing property of P, T, v and x for 

a. R-410A at 80 F, v = 0.2 ft 3 /lbm 

b. R-410A at 60 psia, v = 1.1 ft 3 /lbm 

c. Ammonia at 60 F, v = 3.2 ft 3 /lbm 


a) 


Table F. 9.1 at 80 F: 


x = 


V - Vf 

v fg 


v < Vg = 0.2308 ft 3 /lbm so we have 2 phase L+V 
0.2-0.01525 

= — — = 0.8569; P = P §at = 250.665 psia 



c) 


Table F.9.2 at 60 psia: v > v g = 1.0038 ft 3 /lbm so we have superheated vapor 

so x is undefined. 

F.9.2 between 20 and 40 F: 


T = 20 + 20 x 


1.1 - 1.0783 


= 26.98 F 


1.1405 - 1.0783 

Table F.8.1 at 60 F: v > v g = 2.7481 ft 3 /lbm so we have superheated vapor. 

F.8.2 between 90 and 100 psia: 

3.2 - 3.3503 

p = 90 + 10 x 2.9831 - 3.3503 = 94,09 psia 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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Saturated liquid water at 150 F is put under pressure to decrease the volume by 
1% while keeping the temperature constant. To what pressure should it be 
compressed? 

F.7.1: v = v f = 0.01634 ft 3 /lbm 

New v: v = 0.99 Vf = 0.0161766 ft 3 /lbm 

lookinF.7.3: close to 2000 psia 

interpolate between 2000 and 8000 psia P = 2610 psia 
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■J 

A sealed rigid vessel has volume of 35 ft and contains 2 lbm of water at 200 F. 
The vessel is now heated. If a safety pressure valve is installed, at what pressure 
should the valve be set to have a maximum temperature of 400 F? 

Solution: 

Process: v = V/m = constant 

State 1: Vj = 35/2 = 17.5 ft 3 /lbm 

from Table F.7.1 
it is 2-phase 

State 2: 400°F, 17.5 ft 3 /lbm 

Table F.7.2 between 20 

and 40 lbf/in so interpolate 



P = 20 + (40 - 20) 


17.5 -25.427 
12.623 - 25.427 


= 32.4 lbf/in 2 


(The result is 28.97 psia if found by the software, i.e. linear interpolation is not 
so accurate) 
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You want a pot of water to boil at 220 F. How heavy a lid should you put on the 6 
inch diameter pot when P atm = 14.7 psia? 

Solution: 

Table F.7.1 at 220 F : P sat = 17.189 psia 
A = |d 2 = | 6 2 = 28.274 in 2 


Fnet = (Psat -P a tm) A = (17-189 - 14.7) (lbf/ in 2 ) x 28.274 in 2 
= 70.374 lbf 


F net = m lid § 


m lid = F net/g = 


70.374 lbf _ 70.374 x 32.174 lbm ft/s 2 
32.174 ft/s 2 _ 32.174 ft/s 2 


= 70.374 lbm 


Some lids are 
clamped on, the 
problem deals with 
one that stays on due 
to its weight. 
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Saturated water vapor at 240 F has its pressure decreased to increase the volume by 
10%, keeping the temperature constant. To what pressure should it be expanded? 

Solution: 

Initial state: v= 16.3257 ft 3 /lbm from table F. 7.1 

Final state: v = 1.1 x v = 1.1 x 16.3257 = 17.9583 ft 3 /lbm 

O 

2 

Interpolate between sat. at 240 F, P = 24.968 lbf/in and sup. vapor in Table 
F.7.2 at 240 F, 20 lbf/in 2 

17.9583- 16.3257 
P - 24.968 + (20 - 24.968) 2 o.475 . 16 3257 

= 23.0 lbf/in 2 
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A glass jar is filled with saturated water at 300 F and quality 25%, and a tight lid 
is put on. Now it is cooled to 10 F. What is the mass fraction of solid at this 
temperature? 


Solution: 

Constant volume and mass => vj = v 2 = V/m 

From Table F.7.1: v : = 0.01745 + 0.25 x 6.4537 = 1.630875 ft 3 /lbm 

From Table F.7.4: V 2 = 0.01744 + X 2 x 9043 = vj = 1.630875 ft 3 /lbm 

=> x 2 = 0.000178 mass fraction vapor 
x so lid = 1 - x 2 = 0.9998 or 99.98 % 
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A boiler feed pump delivers 100 ft 3 /min of water at 400 F, 3000 lbf/in. 2 . What is 
the mass flowrate (lbm/s)? What would be the percent error if the properties of 
saturated liquid at 400 F were used in the calculation? What if the properties of 

saturated liquid at 3000 lbf/in. were used? 

Solution: 


Table F.7.3: v = 0.0183 ft 3 /lbm (interpolate 2000-8000 psia) 


. V 

m = — = 


100 


= 91.07 lbm/s 

m = 89.41 lbm/s error 1.8% 


v 60x 0.018334 
Vf (4QQ px = 0.01864 ft 3 /lbm 

v f (3000 lbf/in 2 ) = 0-03475 ft 3 /lbm => m = 47.96 lbm/s error 47% 



The constant T line is nearly vertical for the liquid phase in the P-v diagram. 
The state is at so high P, T that the saturated liquid line is not extremely steep. 
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A pressure cooker has the lid screwed on tight. A small opening with A = 0.0075 
in 2 is covered with a petcock that can be lifted to let steam escape. How much 
mass should the petcock have to allow boiling at 250 F with an outside 
atmosphere at 15 psia? 


Solution: 

Table F.7.1 at 250 F: P sat = 29.823 psia 

F ne t = (P sa t - Patm) A = (29.823 - 15) psia x 0.0075 in 2 
= 0.111 lbf 

Pnet — m petcock § 


0.111 lbf 0.111 X 32.174 lbm ft/s 2 


m petcock F net/g 32.174 ft/s 2 32.174 ft/s 2 0111 lbm 


Some petcocks are held 
down by a spring, the 
problem deals with one 
that stays on due to its 
weight. 
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Two tanks are connected together as shown in Fig. P2.52, both containing water. 

Tank A is at 30 lbf/in. 2 , v = 8 ft 3 /lbm, V = 40 ft 3 and tank B contains 8 lbm at 80 
lbf/in. 2 , 750 F. The valve is now opened and the two come to a uniform state. 
Find the final specific volume. 

Solution: 

Control volume both tanks. Constant total volume and mass process. 



sup. vapor 

. . / 


State Al: (P, v) two-phase, m A = V A /v A = 40 ft 3 /8 ft 3 /lbm = 5 lbm 

State Bl: (P, T) Table F.7.2: v R = (8.561 + 9.322)/2 = 8.9415 ft 3 /lbm 

=> V B = m B v B = 8 lbm x 8.9415 ft 3 /lbm = 71.532 ft 3 
Final state: = m A + m fi = 5 + 8=13 lbm 

V tot = V A + V B = U1 - 532ft3 

v 9 = V tot /m tot = 1 1 1.532 ft 3 / 13 lbm = 8.579 ft 3 /lbm 
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Ammoniaat 70 Fwith aqu^ity of 50% and total mass 4.5 Ibm is in a rigid tank 
with an outlet valve at the bottom. How much liquid (mass) can you takeout 
through the v^ ve assumi ng the temperature stays constant? 

Solution: 

The bottom has I i qui d unti I the state i nsi de becomes saturated vapor. 

V = m 1 v 1 = 4.5 x 0.5 (0.02631 + 2.3098) = 5.25625 ft 3 
m 2 = V/v 2 = 5.25625 ft 3 / 2.3098 ft 3 /lbm = 2.2756 Ibm 

m = m 1 - m 2 = 4.5 - 2.2756 = 2.224 Ibm 
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Give the phase and the specific volume for each of the following. 
Solution: 

a. C0 2 r=510F P = 75 lbf/in. 2 Table F.4 

superheated vapor ideal gas 

_ 35.1 ft-lbf/lbm-R x (510 + 459.7) R 
v _ RT/P - 75 lbf/in. z x 144 (ft/ in.) z 

= 3.152 ft 3 /lbm 


b. Air 


T = 68 F P = 2 atm Table F.4 

superheated vapor ideal gas 


v = RT/P = 


53.34 ft-lbf/lbm-R x (68 + 459.7) R 


2 x 14.6 lbf/in. x 144 (ft/ in.) 

= 6.6504 ft 3 /lbm 


2 


c. Ar T=300F, P = 30 lbf/in. 2 Table F.4 


Ideal gas: 


v = RT/P 

= 6.802 


_ 38.68 ft-lbf/lbm-R x (300 + 459.7) R 
“ 30 lbf/in. 2 x 144 (ft/ in.) z 

ft 3 /lbm 
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A cylindrical gas tank 3 ft long, inside diameter of 8 in., is evacuated and then 
filled with carbon dioxide gas at 77 F. To what pressure should it be charged if 
there should be 2.6 lbm of carbon dioxide? 

Solution: 

Assume C0 0 is an ideal gas table F.4: P = mRT/V 

V cyl = A x L = | (8 in) 2 x 3 x 12 in = 1809.6 in 3 

2.6 lbm x 35.1 ft-lbm/lbm-R x (77 + 459.67) R x 12 in/ft 
P= 1809.6 in3 

= 324.8 lbf/in 2 
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A spherical helium balloon of 30 ft in diameter is at ambient T and P, 60 F and 
14.69 psia. How much helium does it contain? It can lift a total mass that equals 
the mass of displaced atmospheric air. How much mass of the balloon fabric and 
cage can then be lifted? 

We need to find the masses and the balloon volume 

V = |d 3 = f 30 3 = 14 137 ft 3 

V PV 
m He - pV - v - RT 

14.69 psi x 14 137 ft 3 x 144 (in/ft) 2 
386.0 ft-lbf/lbmR x 520 R 
= 148.99 lbm 

PV 14.69 psi x 14 137 ft 3 x 144 (in/ft) 2 
m air “ RT “ 53.34 ft-lbf/lbmR x 520 R 

= 1078 lbm 

rrw = m . - m u = 1078 - 149 = 929 lbm 

lift air He 
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Helium in a steel tank is at 36 psia, 540 R with a volume of 4 ft . It is used to fill a 
balloon. When the pressure drops to 18 psia, the flow of helium stops by itself. If all 
the helium still is at 540 R, how big a balloon is produced? 

Solution: 

State 1: m = V/v assume ideal gas so 

P 1 v 1 36 psi x 4 ft 3 x 144 (in/ft) 2 
m “ RTj “ 386 ft-lbf/lbmR x 540 R 

= 0.0995 lbm 

State 2: Same mass so then (T 2 = T\) 

mRT 2 P i i RT 2 Pi 
V 2 = P 2 = RT : P 2 =Y 1P^ 

36 o 
= 4 18 = 8ft 
The balloon volume is 

^balloon = V 2 - V| = 8 - 4 = 4 ft 3 
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A 35 ft 3 rigid tank has propane at 15 psia, 540 R and connected by a valve to 

another tank of 20 ft 3 with propane at 40 psia, 720 R. The valve is opened and the 
two tanks come to a uniform state at 600 R. What is the final pressure? 

Solution: 

Propane is an ideal gas (P « P c ) with R = 35.04 ft-lbf/lbm R from Tbl. F.4 

p A v A 15 x 35 x 144 

m * = - R = 35.04 X 540 = 3 995 lbm 


P B V B 40 x 20 x 144 
m- RTb - 35 04 x 7 2o - 4.566 lbm 

V 2 = V A + V B = 55ft 3 


m 2 = m A + m B = 8.561 lbm 



m 2 RT 2 



8.561 x 35.04 x 600 
55 x 144 


= 22.726 psia 
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What is the percent error in specific volume if the ideal gas model is used to 
represent the behavior of superheated ammonia at 100 F, 80 lbf/in. 2 ? What if the 
generalized compressibility chart, Fig. D.l, is used instead? 

Solution: 

Ammonia Table F.8.2: v = 4.186 ft 3 /lbm 

RT 90.72 x 559.7 o 

Ideal gas v = = — ~ — — = 4.4076 fn/lbm 5.3% error 

° F 80 x 144 

Generalized compressibility chart and Table D.4 

T r = 559.7/729.9 = 0.767, P r = 80/1646 = 0.0486 

=> Z = 0.96 

ZRT 

v = = 0.96 X 4.4076 ft 3 /lbm = 4.23 1 ft 3 /lbm 1.0% error 
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/ 1 

Air in an internal combustion engine has 440 F, 150 psia with a volume of 2 ft . 
Now combustion heats it to 3000 R in a constant volume process. What is the mass 
of air and how high does the pressure become? 


The mass comes from knowledge of state 1 and ideal gas law 


m = 


PlVl 

RT : 


150 psia x 2 ft 3 x 144 (in/ft) 2 
53.34 ft-lbf/lbm-R x (440 + 459.67) R 


0.90 lbm 


The final pressure is found from the ideal gas law written for state 1 and state 2 and 
then eliminate the mass, gas constant and volume (V 0 = Vp between the equations 

P ! V ! = m RT | and P 0 V 0 = m RT 0 

3000 

p 2 = p i x t 2 /T i = 150 psm x 440 + 459.67 = 500 ‘ 2 psia 
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A 35 ft 3 rigid tank has air at 225 psia and ambient 600 R connected by a valve to 

piston cylinder. The piston of area 1 ft 2 requires 40 psia below it to float, Fig. 
P2.166. The valve is opened and the piston moves slowly 7 ft up and the valve is 
closed. During the process air temperature remains at 600 R. What is the final 
pressure in the tank? 

P A V A 225 psia x 35 ft 3 x 144 (in/ft) 2 
mA= RT a = 53.34 ft-lbf/lbm-R x 600 R = 35433 lbm 

_AVa_ AV b P b _ 4Q p S ia x ( 1 x 7) ft 3 x 144 (in/ft) 2 
m B2- m Bl- v B — RT “ 53.34 ft-lbf/lbm-R x 600 R 

= 1.26 lbm 


m A2 = m A~ ( m B2 ' m Bl) = 35.433 - 1.26 = 34.173 lbm 
m A2 RT 34.173 x 53.34x 600 __ . 

p A 2 = = 217 P sla 
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Give the phase and the missing properties of P, T, v and x. These may be a little 
more difficult if the appendix tables are used instead of the software. 

Solution: 

a. R-410A at T = 50 F, v = 0.4 ft 3 /lbm: Table F.9.1: v > v g = 0.3818 ft 3 /lbm 

sup. vap. F.9.2 interpolate between sat. and sup. vap at 50 F. 

Find v at 150 psia, 50 F: v = 0.4066 

Now interpolate between the sat vap 157.473 psia and the 150 psia. 

P = 150 + 7.473 (0.4 - 0.4066)/(0.3818 - 0.4066) = 152 lbf/in 2 

b. H 2 0 v = 2 ft 3 /lbm, x = 0.5: Table F.7.1 

since Vf is so small we find it approximately where v g = 4 ft-Vlbm. 

Vf + v g = 4.3293 at 330 F, v f + v g = 3.80997 at 340 F. 

linear interpolation T = 336 F, P = 113 lbf/in 2 

c. H 2 0 T= 150 F, v = 0.01632 ft 3 /lbm: Table F.7.1, v < v f 

compr. liquid P = 500 lbf/in 2 

d. NH 3 T= 80 F, P = 13 lbf/in. 2 Table F.8. 1 P < Psat 

sup. vap. interpolate between 10 and 15 psia: v = 26.97 ft /lbm 

v is not linear in P (more like 1/P) so computer table is more accurate. 

e. R-134a v = 0.08 ft 3 /lbm, x = 0.5: Table F.10.1 

since Vf is so small we find it approximately where v g = 0.16 ft 3 /lbm. 

Vf + v g = 0.1729 at 150 F, v f +v g =0.1505 at 160 F. 
linear interpolation T = 156 F, P = 300 lbf/in 2 
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2.168 

A pressure cooker (closed tank) contains water at 200 F with the liquid volume 
being 1/10 of the vapor volume. It is heated until the pressure reaches 300 lbf/in. 2 . 
Find the final temperature. Has the final state more or less vapor than the initial 
state? 

Solution: 

Process: Constant volume and mass. 

Vf = m^Vp Vg/10 = m g Vg/10; 

Table F.7.1: v f = 0.01663 ft 3 /lbm, v g = 33.631 ft 3 /lbm 

m „ 10 m f v f / v„ 10 v f 0.1663 

x = ° “ — = = = o 00492 

1 m 2 + mf mf+10mfVf/v 2 10vf + v 2 0.1663 + 33.631 

v 2 = \ l = 0.01663 + X x X 33.615 = 0.1820 ft 3 /lbm 
P 0 , v 2 => T 0 = T sat (300 psia) = 417.43 F 

At state 2: v 0 = v f + x 9 v fg 

0.1820 = 0.01890 + x 2 x 1.5286 

=> x 2 = 0.107 
More vapor at final state 

v 
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2.169 

Refrigerant-4 10A in a piston/cylinder arrangement is initially at 60 F, x = 1. It is 
then expanded in a process so that P = Cv 1 to a pressure of 30 lbf/in. 2 . Find the 
final temperature and specific volume. 

Solution: 

State 1: Pj = 184.98 lbf/in 2 Vj = 0.3221 ft 3 /lbm 
Process: Pv = C = P^ = P 0 v ? 

State 2: P 1 = 30 lbf/in 2 and on process line (equation). 

v,P, 

v. = - 5 — = 0. 3221 x 184.98 / 30 = 1.9861 ft 3 /lbm 
*2 

Table F.9.2 between saturated at -33.24 F and -20 F: T-, = -27.9 F 

Notice T is not constant 
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Compressiblity Factor 
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2.170 

A substance is at 70 F, 300 lbf/in. 2 in a 10 ft 3 tank. Estimate the mass from the 
compressibility chart if the substance is a) air, b) butane or c) propane. 
Solution: 


Use Fig. D.l for compressibility Z and table F.l for critical properties 


_ PV _ 300 x!44 xlQ _ 815.09 
m “ ZRT “ 530 ZR ~ ZR 


Air use nitrogen P = 492 lbf/in. 2 ; T = 227.2 R 

V V 

P r = 0.61; T r = 2.33; Z = 0.98 

_ PV _ 815.09 _ 815.09 

m “ ZRT “ ZR _ 0.98x 55.15 “ 15 ‘ 08 lbm 


Butane P„ = 551 lbf/in. 2 ; T =765.4 R 

P r = 0.544; T r = 0.692; Z = 0.09 

_ PV _ 815.09 _ 815.09 

m “ ZRT “ ZR “ 0.09x 26.58 “ 340,7 lbm 


Propane 


P = 616 lbf/in. 2 ; T =665.6 R 
P r = 0.487; T r = 0.796; Z = 0.08 


PV 815.09 


815.09 


m = 


ZRT “ ZR 


0.08x 35.04 


= 290.8 lbm 
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2.171 

Determine the mass of an ethane gas stored in a 25 ft 3 tank at 250 F, 440 lbf/in. 2 
using the compressibility chart. Estimate the error (%) if the ideal gas model is used. 

Solution 

Table F.l: = ( 250 + 460 )/ 549.7 = 1.29 and P f 

Figure D.l => Z = 0.9 

_ PV _ 440 psia x 25 ft 3 x 144 (in/ft) 2 
“ ZRT “ 0.9 x 51.38 ft-lbf/lbm-R x 710 R 

1 

= PV/RT = 43 .2 1 lbm 10 % error 


Ideal gas Z = 
=> m 


= 440/708 = 0.621 


= 48.25 lbm 
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Equations of State 
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2.172 

Determine the pressure of R-410A at 100 F, v = 0.2 ft 3 /lbm using ideal gas and 
the van der Waal Equation of State. 

From F.l for R-410A: M = 72.585, T c = 620.1 R, P c = 711psia 
For ideal gas we get 

R = R/M = 1545.36 / 72.585 = 21.29 lbf-ft/lbm-R 

21.29 x (100 + 459.67) lbf-ft R 

P _ RT/v - 0 2 x 144 lbm-R ft3/lbm x (in /ft)2 

= 413.73 psi 

For van der Waal equation of state from Table D. 1 we have 

1RT C 21.29x 620.1 o 

b = ~~^—= 0.125 x 711xl44 =0-016 118 ft 3 /lbm, 

a = 27 b 2 P c = 27 x (0.016 1 18) 2 x 71 1 = 4.987 283 psi (ft 3 /lbm) 2 

_ RT a 21.29x 559.67/144 4.987 283 . 

The EOS is: P = — TTnTFTTo — 3 — = 325.3 psi 

v-b v 2 0.2-0.016 118 Q2 Z 

From Table F.9.2 we see it is around 300 psia. 
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2.173 

Determine the pressure of R-410A at 100 F, v = 0.2 ft 3 /lbm using ideal gas and 
the Redlich-Kwong Equation of State. 

From F.l for R-410A: M = 72.585, T c = 620.1 R, P c = 711psia 
For ideal gas we get 

R = R/M = 1545.36 / 72.585 = 21.29 lbf-ft/lbm-R 

21.29 x (100 + 459.67) lbf-ft R 

P _ RT/v - 0 2 x 144 lbm-R ft3/lbm x (in /ft)2 

= 413.73 psi 


For Redlich-Kwong EOS we have the parameters from Table D.l 
T r = T/T c = (100 + 459.67) / 620.1 = 0.90255 

RT C 21.29 x620.1 o 

b = 0.08664 - p- = 0.08664 x x M4 = 0.01 1 172 ft 3 /lbm, 

C 


0 r 2 t 2 

a = 0.42748 T' ' 72 = 0.42748 x 


21.29 2 x 620.1 2 
0.90255 1/2 x 711 x 144 2 


= 5.319 372 psi (ft 3 /lbm) 2 

The equation is: 

RT a 
P = — 

v - b v 2 + bv 

21.29x 559.67/ 144 5.319 372 

0.2 - 0.011 172 0.2 2 + 0.011 172 x 0.2 


= 312psia 


From Table F.9.2 we see it is around 300 psia. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke Sonntag 



/ 

Fundamentals of 
Thermodynamics 

SOLUTION MANUAL 
CHAPTER 3 

A 



Updated June 2013 




Borgnakke and Sonntag 


CONTENT CHAPTER 3 


SUBSECTION 

PROBP 

Concept problems 

1-27 

Kinetic and potential energy 

28-36 

Force displacement work 

37-44 

Boundary work 

45-57 

Heat transfer 

58-69 

Properties (u, h) from general tables 

70-81 

Problem analysis 

82-88 

Simple processes 

89-115 

Specific heats: solids and liquids 

116-126 

Properties (u, h, Cv, Cp), Ideal gas 

127-138 

Specific heats ideal gas 

139-151 

Polytropic process 

152-168 

Multistep process: all subtances 

169-184 

Energy equation rate form 

185-199 

General work 

200-209 

More complex devices 

210-217 

Review problems 

218-241 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


In-Text Concept Questions 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.a 

In a complete cycle what is the net change in energy and in volume? 


For a complete cycle the substance has no change in energy and therefore no 
storage, so the net change in energy is zero. 

For a complete cycle the substance returns to its beginning state, so it has no 
change in specific volume and therefore no change in total volume. 


3.b 

Explain in words what happens with the energy terms for the stone in Example 3.3. 
What would happen if it were a bouncing ball falling to a hard surface? 


In the beginning all the energy is potential energy associated with the 
gravitational force. As the stone falls the potential energy is turned into kinetic 
energy and in the impact the kinetic energy is turned into internal energy of the stone 
and the water. Finally the higher temperature of the stone and water causes a heat 
transfer to the ambient until ambient temperature is reached. 


With a hard ball instead of the stone the impact would be close to elastic 
transforming the kinetic energy into potential energy (the material acts as a spring) 
that is then turned into kinetic energy again as the ball bounces back up. Then the 
ball rises up transforming the kinetic energy into potential energy (mgZ) until zero 
velocity is reached and it starts to fall down again. The collision with the floor is not 
perfectly elastic so the ball does not rise exactly up to the original height losing a 
little energy into internal energy (higher temperature due to internal friction) with 
every bounce and finally the motion will die out. All the energy eventually is lost by 
heat transfer to the ambient or sits in lasting deformation (internal energy) of the 
substance. 
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3.c 

Make a list of at least 5 systems that store energy, explaining which form of energy. 

2 

A spring that is compressed. Potential energy (1/2) kx 
A battery that is charged. Electrical potential energy. V Amp h 
A raised mass (could be water pumped up higher) Potential energy mgH 
A cylinder with compressed air. Potential (internal) energy like a spring. 
A tank with hot water. Internal energy mu 

2 

A fly-wheel. Kinetic energy (rotation) (1/2) Ico 

r\ 

A mass in motion. Kinetic energy (1/2) mV“ 


3.d 

A constant mass goes through a process where 100 J of heat transfer comes in and 
100 J of work leaves. Does the mass change state? 

Yes it does. 

As work leaves a control mass its volume must go up, v increases 

As heat transfer comes in an amount equal to the work out means u is 
constant if there are no changes in kinetic or potential energy. 
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3.e 

The electric company charges the customers per kW-hour. What is that in SI 
units? 

Solution: 


The unit kW-hour is a rate 
multiplied with time. For the 
standard SI units the rate of 
energy is in W and the time is 
in seconds. The integration in 
Eq.3.4 and on page 135 
becomes 



1 kW- hour = 1000 W x 60 hour x 60 = 3 600 000 Ws 

hour mm 

= 3 600 000 J = 3.6 MJ 


3.f 

Torque and energy and work have the same units (N m). Explain the difference. 


Solution: 


Work = force x displacement, so units are N x m. Energy in transfer 
Energy is stored, could be from work input 1 J = 1 N m 
Torque = force x arm, static, no displacement needed 
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What is roughly the relative magnitude of the work in the process l-2c versus the 
process l-2a shown in figure 3.15? 


By visual inspection the area below the curve l-2c is roughly 50% of the 
rectangular area below the curve l-2a. To see this better draw a straight line from 
state 1 to point f on the axis. This curve has exactly 50% of the area below it. 


3.h 

Helium gas expands from 125 kPa, 350 K and 0.25 m to 100 kPa in a polytropic 
process with n = 1.667. Is the work positive, negative or zero? 


The boundary work is: W = Jp dV 

P drops but does V go up or down? 

The process equation is: PV n = C 

so we can solve for P to show it in a P-V diagram 

P = CV' n 

as n = 1.667 the curve drops as V goes up we see 
V 2 > Vj giving dV > 0 

and the work is then positive. 
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An ideal gas goes through an expansion process where the volume doubles. 
Which process will lead to the larger work output: an isothermal process or a 
polytropic process with n = 1.25? 


The process equation is: PV n = C 

The polytropic process with n = 1.25 drops the pressure faster than the isothermal 
process with n = 1 and the area below the curve is then smaller. 
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Water is heated from 100 kPa, 20°C to 1000 kPa, 200°C. In one case pressure is 
raised at T = C, then T is raised at P = C. In a second case the opposite order is 
done. Does that make a difference for jQ 2 and jW 2 ? 


Yes it does. Both ]Q 2 and ] W 2 are process dependent. We can illustrate 
the work term in a P-v diagram. 





In one case the process proceeds from 1 to state “a” along constant T then 
from “a” to state 2 along constant P. 

The other case proceeds from 1 to state “b” along constant P and then 
from “b” to state 2 along constant T. 
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3.k 

A rigid insulated tank A contains water at 400 kPa, 800°C. A pipe and valve connect 
this to another rigid insulated tank B of equal volume having saturated water vapor 
at 100 kPa. The valve is opened and stays open while the water in the two tanks 
comes to a uniform final state. Which two properties determine the final state? 


Continuity eq.: 
Energy eq.: 
Process: 


From continuity 


m 2 - m lA - m 1B = 0 => m 2 = m 1A + m 1B 

m 2 u 2 - m lA u lA - m lB u lB =0-0 
Insulated: iQ 2 = 0, 

Rigid: V 2 = C = V A + V B => iW 2 = 0 


eq. and process: 


m iA 

v 2 = V 2 /m 2 = — v 1A + 


m lB 

m 2 V 1B 


From energy eq.: 
Final state 2: (v 2 , u 2 ) 


m lA 

U 2 = “^ U 1A + 
both are the mass 


m lB 
m 2 UlB 

weighted average of the initial values. 
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3.1 

To determine v or u for some liquid or solid, is it more important that I know P or 
T? 

T is more important, v and u are nearly independent of P in the liquid and solid 
phases. 


3.ni 

To determine v or u for an ideal gas, is it more important that I know P or T? 

For v they are equally important ( v = RT/P), but for u only T is important. For an 
ideal gas u is a function of T only (independent of P). 
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I heat 1 kg of substance at a constant pressure (200 kPa) 1 degree. How much heat 
is needed if the substance is water at 10°C, steel at 25°C, air at 325 K, or ice at - 
10°C. 

Heating at constant pressure gives (recall the analysis in Section 3.9, page 109) 

tQ 2 = H 2 - Hj = m(h 2 - hi) * m C p (T 2 - Tj) 

For all cases: iQ 2 = 1 kg x C x 1 K 


Water 10°C, 200 kPa (liquid) so A. 4: 

C = 4.18 kJ/kg-K, 

tQ 2 = 4.18 kJ 

Steel 25°C, 200 kPa (solid) 

so A. 3: 

C = 0.46 kJ/kg-K 

jQ 2 = 0.46 kJ 

Air 325 K, 200 kPa (gas) 

so A. 5: 

C p = 1.004 kJ/kg-K 

jQ 2 = 1.004 kJ 

Ice -10°C, 200 kPa (solid) 

so A. 3: 

C = 2.04 kJ/kg-K 

1Q2 = 2.04 kJ 


Comment: For liquid water we could have interpolated h 2 - hj from Table B. 1. 1 

and for ice we could have used Table B.1.5. For air we could have used Table 
A.7. If the temperature is very different from those given the tables will provide a 
more accurate answer. 
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Concept Problems 
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3.1 

What is 1 cal in SI units and what is the name given to 1 N-m? 


Look in the conversion factor table A.l under energy: 


1 cal (Int.) = 4.1868 J = 4.1868 Nm = 4.1868 kg m 2 /s 2 

This was historically defined as the heat transfer needed to bring 1 g of liquid water 
from 14.5°C to 15.5°C, notice the value of the heat capacity of water in Table A.4 

1 N-m = 1 J or Force times displacement = energy in Joule 
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3.2 

A car engine is rated at 1 10 kW. What is the power in hp? 
Solution: 


The horsepower is an older unit for power 
usually used for car engines. The 
conversion to standard SI units is given in 
Table A.l 

1 hp = 0.7355 kW = 735.5 W 
1 hp = 0.7457 kW for the UK horsepower 



1 10 kW = 1 10 kW / 0.7457 (kW/hp) = 147.5 hp 
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3.3 

Why do we write AE or E 2 - Ej whereas we write [Q 2 and | W 2 ? 

AE or E 2 - Ej is the change in the stored energy from state 1 to state 2 and 
depends only on states 1 and 2 not upon the process between 1 and 2. 

lQ 2 and iW 2 are amounts of energy transferred during the process 

between 1 and 2 and depend on the process path. The quantities are 
associated with the process and they are not state properties. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.4 

If a process in a control mass increases energy E 2 - Ej > 0 can you say anything 
about the sign for |Q 2 and ] W 2 ? 

No. 

The net balance of the heat transfer and work terms from the energy equation is 
E 2 -Ei = jQ 2 - iW 2 >0 

but that does not separate the effect of the two terms. 
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3.5 

In Fig. P3.5, CV A is the mass inside a piston- 
cylinder, CV B is that plus the piston, outside which 
is the standard atmosphere. Write the energy equation 
and work term for the two CVs assuming we have a 
non-zero Q between state 1 and state 2. 



A o 


m p 



1 1 

> 1 



1 

E < 




J 


g 


▼ 


CV A: E 2 -E ] = m A (e 2 - ej) = m A (u 2 - Uj) = jQ 2 - : WA 2 

jWA 2 = I P dV = P(V 2 -V 1 ) 


CV B: 


E 2 -E,= m A (e 2 - ej) + m pist (e 2 - ej) = m A (u 2 - u : ) + m pist g(Z 2 - Z x ) 
= ^ 2 - jWB 2 

1 WB 2 = JP 0 dV =P 0 (V 2 -V 1 ) 


Notice how the P inside CV A is P = P 0 + rn pist g /A cy j i.e. the first work term is 

larger than the second. The difference between the work terms is exactly equal to the 
potential energy of the piston sitting on the left hand side in the CV B energy Eq. The 
two equations are mathematically identical. 

jWA 2 = P(V 2 - Vi) = [P 0 + m pist g /A cyl ] (V 2 - V : ) 

= jWB 2 + m pist g(V 2 - VjVAcyj 
= 1 WB 2 + m pist g(Z 2 -Z 1 ) 
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3.6 

A 500 W electric space heater with a small fan inside heats air by blowing it over 
a hot electrical wire. For each control volume: a) wire only b) all the room air and 
c) total room plus the heater, specify the storage, work and heat transfer terms as 

• 

+ 500W or -500W or 0 W, neglect any Q through the room walls or windows. 



Storage 

Work 

Heat transfer 

Wire 

OW 

-500 W 

-500 W 

Room air 

500 W 

OW 

500 W 

Tot room 

500 W 

-500 W 

OW 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.7 

Two engines provide the same amount of work to lift a hoist. One engine can 
provide 3 F in a cable and the other 1 F, What can you say about the motion of the 
point where the force F acts in the two engines? 

Since the two work terms are the same we get 

W = J F dx = 3 Fx 1 = 1Fx 2 

*2 = 3 x t 

so the lower force has a larger displacement. 
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3.8 

Two hydraulic piston/cylinders are connected through a hydraulic line so they 
have roughly the same pressure. If they have diameters of Dj and D 2 = 2Dj 

respectively, what can you say about the piston forces and F 2 ? 


9 

For each cylinder we have the total force as: F = PA cy j = P n D /4 


F] = PA cy j 1 = P n Dj/4 


F 2 = PA cyl 2 = P n D 2 /4 = 

P 71 4 D^/4 = 4 F 



The forces are the total force 
acting up due to the cylinder 
pressure. There must be other 
forces on each piston to have a 
force balance so the pistons do 
not move. 
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3.9 


Assume a physical set-up as in Fig. P3.5. We now heat the 
cylinder. What happens to P, T and v (up, down or constant)? 

What transfers do we have for Q and W (pos., neg., or zero)? 



p 0 



m p 









Solution: 

Process: P = P 0 + m p g/A cy j = C 

Heat in so T increases, v increases and Q is positive. 

As the volume increases the work is positive. ] W 2 = I P dV 
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3.10 

A drag force on an object moving through a medium (like a car through air or a 
submarine through water) is F d = 0.225 A pV . Verify the unit becomes Newton. 

Solution: 

F d = 0.225 A pV 2 

Units = m 2 x ( kg/m 3 ) x ( m 2 / s 2 ) = kg m / s 2 = N 
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3.11 

The sketch shows three physical situations, show the possible process in a P-v 
diagram. 




c) 



J1 


( 
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3.12 

For the indicated physical set-up in a-b and c above write a process equation and the 
expression for work. 


a) P = Pi and V > V stop or V = V stop and P < Pj 

1 W 2 = P 1 (V 2 -V 1 ) [ Pi = Pfioat ] 

b) P = A + BV; tW 2 = |(P 1 + P 2 )(V 2 -V 1 ) 

c) P = Pi and V < V stop or V = V stop and P > Pj 

1 W 2 = P 1 (V 2 -V 1 ) [ Pi = Pfloat] 




c) 
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3.13 


Assume the physical situation as in Fig. P3. 1 lb; what is the work term a, b, c or d? 


a: 1 w 2 = P 1 (v 2 -v 1 ) 
c: ] w 2 = ^(P 1 + P 2 )(v 2 -v,) 


b: 1 w 2 = v 1 (P 2 -P 1 ) 
d: 1 w 2 = |(P 1 -P 2 )(v 2 + v 1 ) 



Solution: 

work term is formula c, the 
area under the process curve 
in a P-v diagram. 

The avg. height is \ (Pj + P 2 ) 
The base is (v 2 - Vj) 
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3.14 

The sketch in Fig. P3.14 shows a physical situation; show the possible process in a 
P-v diagram. 


a) b) 



c) 



Solution: 
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3.15 

What can you say about the beginning state of the R-410A in Fig. P3.ll versus 
the case in Fig. P3.14 for the same piston-cylinder? 


For the case where the piston floats as in Fig. P3.1 1 the pressure of the R-410A 
must equal the equilibrium pressure that floats (balance forces on) the piston. 


The situation in Fig. P3.14 is possible if the R-410A pressure equals or exceeds 
the float pressure. 
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3.16 

A piece of steel has a conductivity of k = 15 W/mK and a brick has k = 1 W/mK. 
How thick a steel wall will provide the same insulation as a 10 cm thick brick? 


The heat transfer due to conduction is from Eq. 3.23 



dT 

dx 


kA 


AT 

Ax 


For the same area and temperature difference the heat transfers become 
the same for equal values of (k / Ax) so 

k k 

( Ax ^brick — ^ Ax ^ stee l 


=> 


Ax 


= Ax 


steel AAA brick V, . 

A bnck 


^steel 15 

= 0.1 m x t= 1.5 m 


1 
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3.17 

A thermopane window, see Fig. 3.38, traps some gas between the two glass panes. 
Why is this beneficial? 


The gas has a very low conductivity relative to a liquid or solid so the heat 
transfer for a given thickness becomes smaller. The gap is furthermore made so 
small that possible natural convection motion is reduced to a minimum. It 
becomes a trade off to minimize the overall heat transfer due to conduction and 
convection. Typically these windows can be manufactured with an E-glaze to 
reduce radiation loss (winter) or gain (summer). 



multiple glazings 
low-E coating 

Gas filled space 
Spacer and sealer 
Window structural frame 
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3.18 

On a chilly 10°C fall day a house, 20°C inside, loses 6 kW by heat transfer. What 

transfer happens on a 30°C warm summer day assuming everything else is the 
same? 


The heat transfer is Q = CA AT where the details of the heat transfer is in the 
factor C. Assuming those details are the same then it is the temperature difference 
that changes the heat transfer so 

Q = CA AT = 6 kW = CA (20 - 10) K => CA = 0.6 ^ 

Then 

kW 

Q = CA AT = 0.6 ^ x (20 - 30) K = - 6 kW (it goes in) 
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3.19 


Verify that a surface tension S with units N/m also can be called a surface energy 

2 

with units J/mri The latter is useful for consideration of a liquid drop or liquid in 
small pores (capillary). 

Units: N/m = Nm/m 2 = J/m 2 

This is like a potential energy associated with the surface. For water in small 
pores it tends to keep the water in the pores rather than in a drop on the surface. 
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3.20 

Some liquid water is heated so it becomes superheated vapor. Do I use u or h in 
the energy equation? Explain. 


The energy equation for a control mass is: m(u 2 - uj) = jQ 2 - jW 2 


The storage of energy is a change in u (when we neglect kinetic and potential 
energy changes) and that is always so. To solve for the heat transfer we must 
know the work in the process and it is for a certain process (P = C) that the work 
term combines with the change in u to give a change in h. To avoid confusion you 
should always write the energy equation as shown above and substitute the 
appropriate expression for the work term when you know the process equation 
that allows you to evaluate work. 
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3.21 

Some liquid water is heated so it becomes superheated vapor. Can I use specific 
heat to find the heat transfer? Explain. 

NO. 

The specific heat cannot give any information about the energy required to do the 
phase change. The specific heat is useful for single phase state changes only. 
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3.22 

Look at the R-410A value for u f at -50°C. Can the energy really be negative? 
Explain. 


The absolute value of u and h are arbitrary. A constant can be added to all u and h 
values and the table is still valid. It is customary to select the reference such that u 
for saturated liquid water at the triple point is zero. The standard for refrigerants 

like R-410A is that h is set to zero as saturated liquid at -40°C, other substances as 
cryogenic substances like nitrogen, methane etc. may have different states at 

which h is set to zero. The ideal gas tables use a zero point for h as 25°C or at 
absolute zero, 0 K. 
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3.23 

A rigid tank with pressurized air is used to a) increase the volume of a linear 
spring loaded piston cylinder (cylindrical geometry) arrangement and b) to blow 
up a spherical balloon. Assume that in both cases P = A + BV with the same A 
and B. What is the expression for the work term in each situation? 


The expression is exactly the same; the geometry does not matter as long as we 
have the same relation between P and V then 

jW 2 = I P dV = j (A + BV) dV 

= A(V 2 - Vj) + 0.5 B (V 2 - Vj) 

= A(V 2 - Vj) + 0.5 B (V 2 + Vi) (V 2 - Vi) 

= 0.5[A + BV 2 + A + BV 1 ] (V 2 - Vj) 

= 0.5(P 1+ P 2 ) (V 2 - Vj) 


Notice the last expression directly gives the area below the curve in the P-V 
diagram. 
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3.24 

An ideal gas in a piston-cylinder is heated with 2 kJ during an isothermal process. 
How much work is involved? 

Energy Eq.: u 2 - Uj = jq 2 - i w 2 = 0 since u 2 = Uj (isothermal) 

Then 

tW 2 = m : w 2 = : Q 2 = m : q 2 = 2 kJ 
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3.25 

An ideal gas in a piston-cylinder is heated with 2 kJ during an isobaric process. Is 
the work pos., neg., or zero? 


As the gas is heated u and T increase and since PV = mRT it follows that the 
volume increase and thus work goes out. 

w > 0 
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3.26 

You heat a gas 10 K at P = C. Which one in Table A. 5 requires most energy? 
Why? 


A constant pressure process in a control mass gives (recall Section 3.9 and 
Eq.3.44) 

192 = u 2 - u : + iW 2 = u 2 - u : + Pi(v 2 - Vj) 

= h 2 - Iq « Cp AT 

The one with the highest specific heat is hydrogen, H 2 . The hydrogen has 

the smallest mass, but the same kinetic energy per mol as other molecules and 
thus the most energy per unit mass is needed to increase the temperature. 
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3.27 

You mix 20°C water with 50°C water in an open container. What do you need to 
know to determine the final temperature? 


The process will take place at constant pressure (atmospheric) and you can 
assume there will be minimal heat transfer if the process is reasonably fast. The 
energy equation then becomes 

U 2 -U 1 = 0- 1 W 2 = -P(V 2 -V 1 ) 

Which we can write as 

h 2 “ H 1 = 0 = m 2 h 2 - (m : 20 chi 2 oc + m l 50C h l 50c) 

You need the amount of mass at each temperature m ] 20C and m 1 5 q C . 
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Kinetic and Potential Energy 
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3.28 

A piston motion moves a 25 kg hammerhead vertically down 1 m from rest to a 
velocity of 50 m/s in a stamping machine. What is the change in total energy of 
the hammerhead? 

Solution: C.V. Hammerhead 

The hammerhead does not change internal energy (i.e. same P, T), but it does 
have a change in kinetic and potential energy. 

E 2 - E, = m(u 2 - u : ) + m[(l/2)V 2 2 - 0] + mg (Z 2 - 0) 

= 0 + 25 kg x (1/2) x (50 m/s) 2 + 25 kg x 9.80665 m/s 2 x (-1) m 
= 31 250 J - 245.17 J = 31 005 J = 31 kj 
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3.29 

A 1200 kg car is accelerated from 30 to 50 km/h in 5 s. How much work is that? If 
you continue from 50 to 70 km/h in 5 s; is that the same? 

The work input is the increase in kinetic energy. 

E 2 -E 1 = (l/2)m[V2-Vi]= ,W 2 

2 2 fkmV 

= 0.5 x 1200 kg [50 2 - 30 2 ] (-^-J 

(\ 000 mV 

= 600 kg x [ 2500 - 900 ] ^ 36QQs j = 74 074 J = 74.1 kj 
The second set of conditions does not become the same 

E 2 -E, = (l/2)m[V 2 - V^] = 600 kg x [ 70 2 - 50 2 ] (^7)“ = 111 kj 
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3.30 

The rolling resistance of a car depends on its weight as: F = 0.006 mg. How far 
will a car of 1200 kg roll if the gear is put in neutral when it drives at 90 km/h on 
a level road without air resistance? 


Solution: 

The car decreases its kinetic energy to zero due to the force (constant) acting over 
the distance. 


m 


(1/2V 2 - 1/2 Vj) = -jW 2 = -I F dx = -FL 

km 90x1000 1 1 

V 2 = 0, v i = 90-^-= 360Q ms =25 ms 1 


-1/2 mV j = -FL = - 0.006 mgL 




°- 5V l 0.5x25 2 m 2 /s 2 

L “ 0.006 g “ 0.006x9.807 ^ ~ 53 1 1 m 


Remark: Over 5 km! The air resistance is much higher than the rolling 
resistance so this is not a realistic number by itself. 
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3.31 

A piston of mass 2 kg is lowered 0.5 m in the standard gravitational field. Find the 
required force and work involved in the process. 

Solution: 

F = ma = 2 kg x 9.80665 m/s 2 = 19.61 N 
W = J F dx = F J dx = F Ax = 19.61 N x 0.5 m = 9.805 J 
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3.32 

A 1200 kg car accelerates from zero to 100 km/h over a distance of 400 m. The 
road at the end of the 400 m is at 10 m higher elevation. What is the total increase 
in the car kinetic and potential energy? 


Solution: 


AKE = 1/2 m (V? - V,) 

„ 100 x 1000 , 

V 2 — 100 km/h — 3600 m/s 


= 27.78 m/s 



AKE = 1/2 xl200 kg x (27. 78 2 - 0 2 ) (m/s) 2 = 463 037 J = 463 kj 

APE = mg(Z 2 - Z x ) = 1200 kg x 9.807 m/s 2 ( 10 - 0 ) m = 1 17684 J 

= 117.7 kj 
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3.33 

A hydraulic hoist raises a 1750 kg car 1.8 m in an auto repair shop. The hydraulic 
pump has a constant pressure of 800 kPa on its piston. What is the increase in 
potential energy of the car and how much volume should the pump displace to 
deliver that amount of work? 

Solution: C.V. Car. 

No change in kinetic or internal energy of the car, neglect hoist mass. 

E 2 - E 1 = PE 2 - PE 1 = m § ( Z 2 - z l) 

= 1750 kg x 9.80665 m/s 2 x 1.8 m = 30 891 J 


The increase in potential energy is work into car 
from pump at constant P. 


W = E 2 - Ej = 1 P dV = P AV 


AV = 


E 2 ~ E 1 


30891 J 


800 x 1000 Pa 


= 0.0386 m3 
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3.34 

Airplane takeoff from an aircraft carrier is assisted by a steam driven 
piston/cylinder device with an average pressure of 1250 kPa. A 17500 kg airplane 
should be accelerated from zero to a speed of 30 m/s with 30% of the energy 
coming from the steam piston. Find the needed piston displacement volume. 

Solution: C.V. Airplane. 

No change in internal or potential energy; only kinetic energy is changed. 

E 2 - Ej = m (1/2) (V 2 - 0) = 17500 kg x (1/2) x 30 2 (m/s) 2 
= 7 875 000 J = 7875 kJ 

The work supplied by the piston is 30% of the energy increase. 


W = | P dV = P avg AV = 0.30 (E 2 - Ej) 
= 0.30 x 7875 kJ = 2362.5 kJ 


AV = 


W 

p 

avg 


2362.5 kJ 
1250 kPa 


= 1.89 m 3 
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3.35 

Solve Problem 3.34, but assume the steam pressure in the cylinder starts at 1000 
kPa, dropping linearly with volume to reach 100 kPa at the end of the process. 

Solution: C.V. Airplane. 


E 2 -E 1 =m(l/2)(V 2 2 -0) 

= 17 500 kg x (1/2) x 30 2 (m/s) 2 
= 7875 000 J = 7875 kJ 
W = 0.30(E 2 - E : ) = 0.30 x 7875 = 2362.5 kJ 

w = | P dV = (l/2)(P beg + Pend) AV 



W 2362.5 kJ 

AV “ P avg “ 1/2(1000 + 100) kPa 


= 4.29 m 3 
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3.36 

A steel ball weighing 5 kg rolls horizontal with 10 m/s. If it rolls up an incline 
how high up will it be when it comes to rest assuming standard gravitation. 

C.V. Steel ball. 

Energy Eq.: E 2 - E : = iQ 2 - iW 2 = 0 - 0 = 0 

9 

E] = muj + mgZ 1 + 0.5 mV 
E 2 = mu 2 + mgZ 2 + 0 

We assume the steel ball does not change temperature (u 2 = u j J so then the energy 
equation gives 

2 

mu 2 + mgZ 2 - muj - mgZ 1 - 0.5 mV = 0 
mg (Z 2 -Z 1 ) = 0.5 mV 2 

Z 2 -Z, = 0.5 V 2 /g = 0.5 x 10 2 (m 2 /s 2 ) / (9.81 m/s 2 ) = 5.1 m 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.37 

A hydraulic cylinder of area 0.01 m must push a 1000 kg arm and shovel 0.5 m 
straight up. What pressure is needed and how much work is done? 

F = mg = 1000 kg x 9.81 m/s 2 
= 9810 N = PA 

P = F/A = 9810 N/ 0.01 m 2 
= 981 000 Pa = 981 kPa 


W = /F dx = F Ax = 9810 N x 0.5 m = 4905 J 
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3.38 

A hydraulic cylinder has a piston of cross sectional area 10 cm- and a fluid 
pressure of 2 MPa. If the piston is moved 0.25 m how much work is done? 


Solution: 

The work is a force with a displacement and force is constant: F = PA 
W = J F dx = J PA dx = PA Ax 

= 2000 kPa x 10 x 10' 4 m 2 x 0.25 m = 0.5 kj 
Units: kPa m 2 m = kN m" 2 m 2 m = kN m = kJ 
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3.39 


Two hydraulic piston/cylinders are connected with a line. The master cylinder has 

9 

an area of 5 cm creating a pressure of 1000 kPa. The slave cylinder has an area 

of 3 cm . If 25 J is the work input to the master cylinder what is the force and 
displacement of each piston and the work output of the slave cylinder piston? 

Solution: 

W = | F x dx = | P dv = | P A dx = P A Ax 


Ax 


W 


25 


master PA 1000 x 5 x IQ ' 4 kPa m 2 


= 0.05 m 


AAx = AV = 5 xl0’ 4 x 0.05 = 2.5 xlO ' 5 m 3 = AV slave = A Ax -» 
Ax s iave = AV/A = 2.5 x 10 ‘ 5 m 3 / 3 xl0 ~ 4 m 2 = 0.0083 33 m 


Fmaster = P A = 1000 kPa x 5 xl0 ‘ 4 m 2 xlO 3 Pa/kPa = 500 N 

Fslave = P A = 1000 kPa x 10 3 Pa/kPa x 3 x 10 ' 4 m 2 = 300 N 
Wsiave = F Ax = 300 N X 0.08333 m = 25 J 


1 J 


q_ pJ 

r ^ 

r 

J ■= 1 


Master Slave 
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3.40 

_ s-J 

The air drag force on a car is 0.225 A pW. Assume air at 290 K, 100 kPa and a 

car frontal area of 4 m“ driving at 90 km/h. How much energy is used to 
overcome the air drag driving for 30 minutes? 


The formula involves density and velocity and work involves distance so: 


Now 


1 P 100 
p - v “ RT - 0.287 x290 


= 1.2015 




nr 


w „„ km _ 1000 m „ 

V = 90 ~r~ = 90 x — =25 m/s 

h 3600 s 

Ax = V At =25 m/s x 30 min x 60 s/min = 45 000 m 


F = 0.225 A p V 2 = 0.225 x 4 m 2 x 1.2015 H x 25 2 ^ 

m 


2 


= 675.8 m 2 ^x ! y = 676 N 
m s 


W = F Ax = 676 N x 45 000 m = 30 420 000 J = 30.42 MJ 
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3.41 

A bulldozer pushes 800 kg of dirt 100 m with a force of 1500 N. It then lifts the 
dirt 3 m up to put it in a dump truck. How much work did it do in each situation? 

Solution: 

W = j F dx = F Ax 
= 1500 Nx 100 m 
= 150 000 J= 150 kj 

W = j F dz = J mg dz = mg AZ 

= 800 kg x 9.807 m/s 2 x 3 m 
= 23 537 J = 23.5 kj 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


3.42 

Two hydraulic cylinders maintain a pressure of 1200 kPa. One has a cross 

2 2 

sectional area of 0.01 m the other 0.03 m . To deliver a work of 1 kJ to the 
piston how large a displacement (V) and piston motion H is needed for each 
cylinder? Neglect P atm . 

Solution: 


W = | F dx = j P dV = J PA dx = PA* H = PAV 

W 1 kJ i 

AV = p" = 1200 kPa = 0,000 833 m 

Both cases the height is H = AV/A 
0.000833 

H] = — — m = 0.0833 m 

0.000833 

H 2 = QQ3 m = 0.0278 m 
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3.43 

A linear spring, F = k $ (x - x () ), with spring constant k s = 500 N/m, is stretched 
until it is 100 mm longer. Find the required force and work input. 

Solution: 

F = k s (x - x Q ) = 500x0.1 =50 N 
W = j F dx = J k $ (x - x Q )d(x - x Q ) = k § (x - x Q ) 2 /2 

= 500 — x (0.1 2 /2)m 2 = 2.5 J 
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3.44 

A piston of 2 kg is accelerated to 20 m/s from rest. What constant gas pressure is 
required if the area is 10 cm 2 , the travel 10 cm and the outside pressure is 100 
kPa? 

C.V. Piston 

(E 2 - Ei)pist. = m(u 2 - ui) + m[(l/2)V 2 - 0] + mg (0 - 0) 

= (1/2) m V 2 = 0.5 x 2 kg x 20 2 (m/s) 2 = 400 J 
Energy equation for the piston is: 

(E 2 — E] ) PIST. = Wg as - W a t m = P a vg AVg as Po AVg as 

AVg as = A L = 10 cm 2 x 10 cm = 0.0001 m 3 
Pavg AVgas = (E 2 — E] )pisi. + Po AVg as 

P avg = (E 2 - Ei)pist. / AVgas + P 0 

= 400 J / 0.0001 m 3 + 100 kPa 
= 4000 kPa + 100 kPa = 4100 kPa 
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Boundary work 
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3.45 

A 25 kg piston is above a gas in a long vertical cylinder. Now the piston is 
released from rest and accelerates up in the cylinder reaching the end 5 m higher 
at a velocity of 25 m/s. The gas pressure drops during the process so the average 
is 600 kPa with an outside atmosphere at 100 kPa. Neglect the change in gas 
kinetic and potential energy, and find the needed change in the gas volume. 

Solution: 

C.V. Piston 

(E 2 - Ei)pist. = m(u 2 - ui) + m[(l/2)V 2 - 0] + mg (H 2 - 0) 

= 0 + 25 kg x (1/2) x 25 2 (m/s) 2 + 25 kg x 9.80665 m/s 2 x 5 m 
= 7812.5 J + 1225.8 J = 9038.3 J = 9.038 kJ 
Energy equation for the piston is: 

E 2 — Ej = Wg as - W a tm = Pavg AVg as — P () AVg a s 
(remark AV a t m = - AV gas so the two work terms are of opposite sign) 

9.038 kJ 

AV gas - 600 _ 10 o kPa - 0,018 m 
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3.46 

The R-410A in Problem 3.14 c is at 1000 kPa, 50°C with mass 0.1 kg. It is cooled 
so the volume is reduced to half the initial volume . The piston mass and 
gravitation is such that a pressure of 400 kPa will float the piston. Find the work 
in the process. 


If the volume is reduced the piston must drop and thus float with P = 400 kPa. 
The process therefore follows a process curve shown in the P-V diagram. 


Table B.4.2: vj = 0.03320 m 3 /kg 

lW 2 = /PdV = area 

= Pfloat (V 2 - Vj) = -P float Vj/2 

= -400 kPa X 0. 1 kg X 0.0332 m 3 /kg /2 

= - 0.664 kj 
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3.47 

A 400-L tank A, see figure P3.47, contains argon gas at 250 kPa, 30°C. Cylinder B, 
having a frictionless piston of such mass that a pressure of 150 kPa will float it, is 
initially empty. The valve is opened and argon flows into B and eventually reaches a 

uniform state of 150 kPa, 30°C throughout. What is the work done by the argon? 


Solution: 

Take C.V. as all the argon in both A and B. Boundary movement work done in 
cylinder B against constant external pressure of 150 kPa. Argon is an ideal gas, so 
write out that the mass and temperature at state 1 and 2 are the same 

P A1 V A = m A RT Al = m A RT 2 = P 2^ V A + V B2^ 


250 X 0.4 , 

=> V R0 = (P A1 / P 2 ) V A - V A = - 0.4 = 0.2667 m 3 


B2 

2 


150 


: W 2 = f P ext dv = P ex t( V B2 - V Bi) = 150 kPa x (0.2667 - 0) m 3 = 40 kj 
1 



Notice there is a pressure loss in the valve so the pressure in B is always 150 kPa 
while the piston floats. 
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3.48 

A piston cylinder contains 2 kg of liquid water at 20°C and 300 kPa, as shown in 
Fig. P3.48. There is a linear spring mounted on the piston such that when the 

water is heated the pressure reaches 3 MPa with a volume of 0.1 m . 

a) Find the final temperature 

b) Plot the process in a P-v diagram. 

c) Find the work in the process. 

Solution: 

Take CV as the water. This is a constant mass: 

m 2 = m 1 = m ; 

State 1: Compressed liquid, take saturated liquid at same temperature. 

B.1.1: vj = Vf(20) = 0.001002 m%g, 

State 2: V 2 = V 2 /m = 0.1/2 = 0.05 m 3 /kg and P = 3000 kPa from B. 1.2 

=> Two-phase: T 2 = 233.9°C 

Work is done while piston moves at linearly varying pressure, so we get: 
tW 2 = I P dV = area = P avg (V 2 - Vp = \ (Pi + P 2 )(V 2 - Vj) 

= 0.5 (300 + 3000) kPa x (0.1 - 0.002) m3 = 161.7 kj 
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Computer-Aided Thermodynamic Tables 3 


File Edit Tables/Substances Options Help 




P-V Diagram (Log-Log) 
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Specific Volume 



# 

Temp 

Pressure 

Specific 

Volume 

Infernal 

Energy 

Specific 

Enthalpy 

Specific 

Entropy 

Quality 

► 


C 

MPa 

m3/kg 

kJ/kg 

kJ/kg 

kJ/kg/K 



1 

20 

0.3 

0.001002 

83.92 

84.22 

0.2965 



2 

20 

0.3 

0.001002 

83.92 

84.22 

0.2965 



3 

233.9 

3 

0.05 

2197 

2347 

5.285 

0.7453 


V Water /Refrigerants / Cryogenics / Air , (ideal Gases / Compressibility /. Psychrometric! 


The process shown by CATT3 in a log-log diagram. 

The linear relation P = A + Bv, has B = 55. 1 MPa/(m 3 /kg) 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 





Borgnakke and Sonntag 


3.49 

Air in a spring loaded piston/cylinder has a pressure that is linear with volume, P 
= A + BV. With an initial state of P = 150 kPa, V = 1 L and a final state of 800 
kPa and volume 1.5 L it is similar to the setup in Problem 3.48. Find the work 
done by the air. 


Solution: 

Knowing the process equation: P = A + BV giving a linear variation of 
pressure versus volume the straight line in the P-V diagram is fixed by the two 
points as state 1 and state 2. The work as the integral of PdV equals the area 
under the process curve in the P-V diagram. 


State 1: 

State 2: 
Process: 

=> 


P 1 = 150 kPa 

P 2 = 800 kPa 

P = A + BV 

2 

,W 2 = J PdV 
1 


Vj = 1 L = 0.001 m 3 

V 2 = 1.5 L = 0.0015 m 3 
linear in V 
•P, + P 2 




V,) 


= ^ (150 + 800) kPa x (1.5 - 1) L x 0. 

= 0.2375 kj 
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3.50 

Heat transfer to a block of 1.5 kg ice at -10°C melts it to liquid at 10°C in a 
kitchen. How much work does the water gives out? 


Work is done against the atmosphere due to volume change in the process. The 
pressure is 101 kPa so we approximate the states as saturated 

State 1: Compressed solid, B.1.5, vj = 0.0010891 m 3 /kg 
State 2: Compressed liquid B.1.1 v 2 = 0.001000 m 3 /kg 

,W 2 = / PdV = P 0 (V 2 - VO = P 0 m (v 2 - Vl ) 

= 101.325 kPa x 1.5 kg x (0.001 - 0.0010891) m 3 /kg 

= - 0.0135 kj 

Notice the work is negative, the volume is reduced! 
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3.51 

A cylinder fitted with a frictionless piston contains 5 kg of superheated refrigerant 
R-134a vapor at 1000 kPa, 140°C. The setup is cooled at constant pressure until 
the R-134a reaches a quality of 25%. Calculate the work done in the process. 

Solution: 

Constant pressure process boundary work. State properties from Table B.5.2 
State 1: v = 0.03150 m 3 /kg , 

State 2: v = 0.000871 + 0.25 x 0.01956 = 0.00576 m 3 /kg 
Interpolated to be at 1000 kPa, numbers at 1017 kPa could have 
been used in which case: v = 0.00566 m 3 /kg 

: W 2 = J P dV = P (Vj-Vi) = mP (v 2 -V]) 

= 5 kg x 1000 kPa x (0.00576 - 0.03150) m 3 /kg = - 128.7 kj 
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3.52 

A piston/cylinder contains 2 kg water at 20°C with volume 0.1 m 3 . By mistake 
someone locks the piston preventing it from moving while we heat the water to 
saturated vapor. Find the final temperature, volume and the process work. 


Solution 

1: Vj = V/m = 0.1 m 3 /2 kg = 0.05 m 3 /kg (two-phase state) 
2: Constant volume: v 2 = v g = Vj 

v 2 = Vj = o.l m 3 
: W 2 = J P dV = 0 


State 2: (v 2 , x 2 = 1) 


T 2 - T sat - 250 + 5 


0.05 - 0.05013 
0.04598 - 0.05013 


250.2°C 
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Polytropic process 
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3.53 

A nitrogen gas goes through a polytropic process with n = 1.3 in a piston/cylinder. It 
starts out at 600 K, 600 kPa and ends at 800 K. Is the work positive, negative or zero? 

The work is a boundary work so it is 

W = / PdV = / Pm dv = AREA 

so the sign depends on the sign for dV (or dv). The process looks like the following 


The actual 
process is on a 
steeper curve 
than n = 1. 



As the temperature increases we notice the volume decreases so 

dv < 0 ■=> W < 0 

Work is negative and goes into the nitrogen gas. 
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3.54 

Helium gas expands from 125 kPa, 350 K and 0.25 m to 100 kPa in a polytropic 
process with n = 1.667. How much work does it give out? 


Solution: 


Process equation: PV n = constant = PjVj = P 2 v” 

Solve for the volume at state 2 


V 2 = V 1 (P!/P 2 ) 1/n = 0.25 x 


1253 0 - 6 

I100J 


= 0.2852 m 3 


Work from Eq.3.21 

... P 2 v 2 - Pi V, 

1 W 2= U, 


lOOx 0,2852 - 125x 0,25 
1 - 1.667 


kPa m 3 = 4.09 kj 


The actual process is 
on a steeper curve than 


n= 1. 



V 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.55 

Air goes through a polytropic process from 125 kPa, 325 K to 300 kPa and 500 K. 
Find the polytropic exponent n and the specific work in the process. 

Solution: 

Process: Pv 11 = Const = PjVj = P 2 v” 

Ideal gas Pv = RT so 


RT 

0.287 x 325 


Vl = p = 

125 

= 0.7462 nr/kg 

RT 

0.287 x 500 

1. 

v 2 = p = 

300 

= 0.47833 nr/kg 


From the process equation 

(P2 /p l) = ( v l /v 2) n => ln(P 2 / Pt) = n ln(vj/ v 2 ) 

n = ln(P 2 / Pi) / ln(v!/ v 2 ) = ^h56 = 1-969 
The work is now from Eq.3.21 per unit mass and ideal gas law 


1 W 2 = 


P 2 V 2 ~ P l v l 
1-n 

-51.8 kj/kg 


r ( t 2~Ti) 0,287(500-325) „ T<1 

1-n ~ 1 - 1.969 ( kJ/k §- K ) K 
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3.56 

1 /3 

A balloon behaves so the pressure is P = C 2 V , C 2 = 100 kPa/m. The balloon 
is blown up with air from a starting volume of 1 m 3 to a volume of 4 m 3 . Find the 
final mass of air assuming it is at 25°C and the work done by the air. 

Solution: 


The process is polytropic with exponent n = -1/3. 
P x = C 2 V 1/3 = 100 xl 1/3 = 100 kPa 

P 2 = C 2 V 1/3 = 100 X 4 1/3 = 158.74 kPa 


P V - P V 
r 2 v 2 r l v l 


1 W 2 = J P dV =^- 77 ^ 
158.74x4 - 100 x 1 




1 - (-1/3) 


p 2 v 2 

158.74 x 4 

m 2 = 

rt 2 = 

= 0.287 x 298 

f P 

r 


1 

W 



(Equation 3.18 and 3.21) 

kPa-m 3 = 401.2 kj 

tPa-m 3 

VT/ . = 7.424 kg 
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3.57 

Consider a piston cylinder with 0.5 kg of R-134a as saturated vapor at -10°C. It is now 
compressed to a pressure of 500 kPa in a polytropic process with n = 1.5. Find the 
final volume and temperature, and determine the work done during the process. 

Solution: 

Take CV as the R-134a which is a control mass. m 2 = lrq = m 

Process: Pv 1 ' 5 = constant until P = 500 kPa 

1: (T, x) Vj = 0.09921 m 3 /kg, P = P sat = 201.7 kPa from Table B. 5.1 

2: (P, process) v 2 = Vj (P]/P 2 ) 

= 0.0992 lx (201.7/500) 2/3 = 0.05416 m 3 /kg 
Given (P, v) at state 2 from B.5.2 it is superheated vapor at T 2 = 79°C 

Process gives P = C v , which is integrated for the work term, Eq.(3.21) 

1 W 2 = JpdV = 1 J ^(P 2 v 2 -P 1 v 1 ) 

= 7 ^kg x (500 x 0.05416 - 201.7 x 0.09921) kPa-m 3 /kg 

= -7.07 kj 
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Heat Transfer rates 
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3.58 

The brake shoe and steel drum on a car continuously absorbs 75 W as the car 

slows down. Assume a total outside surface area of 0.1 m with a convective heat 

transfer coefficient of 10 W/m K to the air at 20°C. How hot does the outside 
brake and drum surface become when steady conditions are reached? 

Solution : 


Convection heat transfer, Eq.3.24 


Q 


hA 
75 W 


Q = hAAT => AT = 

AT = ( Tbrake - 20 ) = — _ 2k _, x „ , m2 
Tbrake = 20 + 75 = 95°C 


= 75 °C 
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3.59 

A water-heater is covered up with insulation boards over a total surface area of 3 

m . The inside board surface is at 75°C and the outside surface is at 18°C and the 
board material has a conductivity of 0.08 W/m K. How thick a board should it be 
to limit the heat transfer loss to 200 W ? 

Solution : 


Steady state conduction through a single layer 
board, Eq.3.23. 


Q cond — k A 


AT 

Ax 


Ax = k A AT/Q 


W ? 

Ax = 0.08 — 77 x3m"x 
m K 


75- 18 K 
200 W 


= 0.068 m 
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3.60 

Find the rate of conduction heat transfer through a 1.5 cm thick hardwood board, 
k = 0.16 W/m K, with a temperature difference between the two sides of 20°C. 


One dimensional heat transfer by conduction, we do not know the area so 

2 

we can find the flux (heat transfer per unit area W/m ). 


• • AT W 20 K 2 

q = Q/A = k t = 0.16 — 77 x n n] _ — = 213 W/m 2 
1 ^ Ax m K 0.015 m 
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3.61 

A 

A 2 m z window has a surface temperature of 15°C and the outside wind is 
blowing air at 2°C across it with a convection heat transfer coefficient of h = 125 
W/m K. What is the total heat transfer loss? 

Solution: 

Convection heat transfer, Eq.3.24 

Q = h A AT = 125 W/m 2 K x 2 m 2 x (15 - 2) K = 3250 W 

as a rate of heat transfer out. 
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3.62 

Due to a faulty door contact the small light bulb (25 W) inside a refrigerator is 
kept on and limited insulation lets 50 W of energy from the outside seep into the 
refrigerated space. How much of a temperature difference to the ambient at 20°C 

9 

must the refrigerator have in its heat exchanger with an area of 1 m and an 
average heat transfer coefficient of 15 W/m K to reject the leaks of energy. 

Solution : 


Q to t = 25 + 50 = 75 W to go out 
Convection heat transfer, Eq.3.24 

Q = hA AT = 15 x 1 x AT = 75 W 


AT = 


_Q__ 

hA - 


so T must 


75 W 

15 W/(m 2 K) x 1 m 2 
be at least 25 °C 


= 5 °C 
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3.63 

A large condenser (heat exchanger) in a power plant must transfer a total of 100 
MW from steam running in a pipe to sea water being pumped through the heat 
exchanger. Assume the wall separating the steam and seawater is 4 mm of steel, 
conductivity 15 W/m K and that a maximum of 5°C difference between the two 
fluids is allowed in the design. Find the required minimum area for the heat 
transfer neglecting any convective heat transfer in the flows. 


Solution : 


Steady conduction through the 4 mm steel wall, Eq.3.23. 

AT 

Q = k A — => A = Q Ax / kAT 
Ax 

A = 100 x 10 6 W x 0.004 m / (15 W/mK x 5 K) 

= 480 m 2 


Condensing 


Sea 

water 




water 

z\ 


V 

r 

± 

0 
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3.64 

The black grille on the back of a refrigerator has a surface temperature of 35 °C with a 

total surface area of 1 m . Heat transfer to the room air at 20°C takes place with an 

average convective heat transfer coefficient of 15 W/m K. How much energy can be 
removed during 15 minutes of operation? 

Solution : 

Convection heat transfer, Eq.3.24 

Q = hA AT; Q = Q At = hA AT At 

Q = 15 W/m 2 Kx lm“x (35-20) K x 15 min x 60 s/min 
= 202 500 J = 202.5 kj 
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3.65 

A pot of steel, conductivity 50 W/m K, with a 5 mm thick bottom is filled with 
15°C liquid water. The pot has a diameter of 20 cm and is now placed on an 
electric stove that delivers 500 W as heat transfer. Find the temperature on the 
outer pot bottom surface assuming the inner surface is at 15°C. 

Solution : 

Steady conduction, Eq.3.23, through the bottom of the steel pot. Assume 
the inside surface is at the liquid water temperature. 

AT 

Q = k A — => AT = Q Ax / kA 
^ Ax ^ 


AT = 500 W x 0.005 m /(50 W/m-K x | x 0.2 2 m 2 ) = 1.59 K 
T= 15 + 1.59 = 16.6°C 
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3.66 

A log of burning wood in the fireplace has a surface temperature of 450°C. 
Assume the emissivity is 1 (perfect black body) and find the radiant emission of 
energy per unit surface area. 

Solution : 

Radiation heat transfer, Eq.3.25 
Q /A = 1 x a T 4 

= 5.67 x 10 “ 8 W/m 2 K 4 x ( 273.15 + 450) 4 K 4 
= 15 505 W/m 2 

= 15.5 kW/m 2 
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3.67 

A wall surface on a house is at 30°C with an emissivity of s = 0.7. The 
surrounding ambient to the house is at 15°C, average emissivity of 0.9. Find the 
rate of radiation energy from each of those surfaces per unit area. 


Solution : 

Radiation heat transfer, Eq.3.25 

Q /A = saAT 4 , a = 5.67 x 10 “ 8 W/m 2 K 4 

a) Q/A = 0.7 x 5.67 x 10~ 8 W/m 2 K 4 x ( 273. 15 + 30) 4 K 4 = 335 W/m 2 

b) Q/A = 0.9 x 5.67 x 10~ 8 W/m 2 K 4 x 288.15 4 K 4 = 352 W/m 2 
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3.68 

A radiant heat lamp is a rod, 0.5 m long and 0.5 cm in diameter, through which 
400 W of electric energy is deposited. Assume the surface has an emissivity of 0.9 
and neglect incoming radiation. What will the rod surface temperature be ? 

Solution : 

For constant surface temperature outgoing power equals electric power. 

Radiation heat transfer, Eq.3.25 

Qrad = £aAT4 = Qel =* 

T 4 = Q el / sgA 

= 400 W/ (0.9 x 5.67 xlO ~ 8 W/m 2 K 4 x 0.5 x n x 0.005 m 2 ) 

= 9.9803 xlO 11 K 4 

=> T = 1000 K OR 725 °C 
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3.69 

A radiant heating lamp has a surface temperature of 1000 K with s = 0.8. How 
large a surface area is needed to provide 250 W of radiation heat transfer? 


Radiation heat transfer, Eq.3.25. We do not know the ambient so let us 
find the area for an emitted radiation of 250 W from the surface 
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Properties (u, h) from General Tables 
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3.70 

Determine the phase of the following substances and find the values of the 
unknown quantities. 

a. Nitrogen, P = 2000 kPa, 120 K, v = ?, Z = ? 

b. Nitrogen 120 K, v = 0.0050 m 3 /kg, Z = ? 

c. Air, T = 100 C, v = 0.500 m 3 /kg, P = ? 

d. R-410A, T = 25°C, v = 0.01 m 3 /kg, P = ?, h = ? 


Solution: 

a. B.6.2 at 2000 kPa, 120 K: v = 0.0126 m 3 /kg; A.5: R = 0.2968 kJ/kgK 

Pv 2000 x 0,0126 kPa m 3 /kg 
Z = RT = 0.2968 x 120 (kJ/kgK) K = 0,7075 

b. Table B. 6.1: v f < v < v„ = 0.00799 m 3 /kg so two-phase L + V 


P = P sat = 2513 kPa 


X = (V - v f )/v f = 


0.005 -0.001915 
0.00608 


= 0.5074 


Fv 2513 x 0,005 kPanrYkg 
Z = RT = 0.2968 x 120 (kJ/kgK) K = 0,353 


c. Ideal gas, P = RT/v = 0.287 kJ/kgK x 373.15 K / 0.5 m 3 /kg = 214 kPa 


d. B.4.1 at 25°C, v f = 0.000944, v g = 0.01514, v f < v < v g : saturated. 

v - v f o.Ol - 0.000944 

P = 1653.6 kPa, x= — ~ — = 0~0142 = 0.63775, 

h = h f + x h fg = 97.59 + 0.63775 x 186.43 = 216.486 kj/kg 


States shown are placed 
relative to the two-phase 
region, not to each other. 
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3.71 

Find the phase and the missing properties of T, P, v, u and x for water at: 

a. 500 kPa, 100°C b. 5000 kPa, u = 800 kJ/kg 

c. 5000 kPa, v = 0.06 m 3 /kg d. -6°C, v = 1 m 3 /kg 

Solution: 

a) Look in Table B. 1.2 at 500 kPa 

T < T sat = 151°C => compressed liquid 

Table B. 1.4: v = 0.001043 m 3 /kg, u = 418.8 kJ/kg 

b) Look in Table B. 1.2 at 5000 kPa 

u < u f = 1147.78 kJ/kg => compressed liquid 


Table B. 1.4: between 180°C and 200°C 

800 - 759.62 

T = 180 + (200 - 180) g48 Q8 _ 759 62 = 180 + 20x0.4567 = 189. 1°C 

v = 0.001 124 + 0.4567 (0.001 153 - 0.001 124) = 0.001 137 m 3 /kg 

c) Look in Table B. 1.2 at 5000 kPa 

v > v g = 0.03944 m 3 /kg => superheated vapor 

Table B. 1.3: between 400°C and 450°C. 

0.06-0.05781 

T = 400 + 5Qx QQ6 33 _oo 57 8 i = 400 + 50x0.3989 = 419.95°C 

u = 2906.58 + 0.3989 x (2999.64 - 2906.58) = 2943.7 kJ/kg 

d) B.1.5: Vj < v < v g = 334.14 m 3 /kg => 2-phase, P = P sat = 887.6 kPa, 

x = (v - Vj) / v fg = (1 - 0.0010898)/334.138 = 0.0029895 
u = uj + x u fg = -345.91 + 0.0029895x2712.9 = -337.8 kJ/kg 

3.72 


States shown are placed 
relative to the two-phase 
region, not to each other. 
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3.73 

Find the missing properties and give the phase of the ammonia, NH 3 . 

a. T = 65°C, P = 600 kPa u = ? v = ? 

b. T = 20°C, P = 100 kPa u = ? v = ? 

c. T = 50°C,v = 0.1185 m 3 /kg U = ?P = ? 

Solution: 

a) Table B. 2.1 P < Psat => superheated vapor Table B. 2. 2: 

v = 0.5 x 0.25981 + 0.5 x 0.26888 = 0.2645 m 3 /kg 
u = 0.5 x 1425.7 + 0.5 x 1444.3 = 1435 kj/kg 

b) Table B.2.1: P < Psat => x = undefined, superheated vapor, from B.2.2: 

v = 1.4153 m 3 /kg ; u = 1374.5 kj/kg 

c) Sup. vap. ( v > v g ) Table B.2.2. P = 1200 kPa, x = undefined 

u = 1383 kj/kg 


x = ? 
x = ? 
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3.74 

Find the missing properties of (P, T, v, u, h and x) and indicate the states in a P-v 
and T-v diagram for 

a. Water at 5000 kPa, u = 1000 kJ/kg (Table B.l reference) 

b. R-134a at 20°C, u = 300 kJ/kg 

c. Nitrogen at 250 K, 200 kPa 


Solution: 

a) Compressed liquid: B.l. 4 interpolate between 220°C and 240°C. 

T = 233.3°C, v = 0.001213 m 3 /kg, x = undefined 

b) Table B. 5.1: u < u g => two-phase liquid and vapor 

x = (u - u f )/u fg = (300 - 227.03)/162.16 = 0.449988 = 0.45 
v = 0.000817 + 0.45 x 0.03524 = 0.01667 m 3 /kg 

c) Table B. 6.1: T > T sat (200 kPa) so superheated vapor in Table B. 6. 2 

x = undefined 

v = 0.5(0.35546 + 0.38535) = 0.3704 m 3 /kg, 
u = 0.5(177.23 + 192.14) = 184.7 kJ/kg 
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3.75 


Determine the phase and the missing properties 


h 2 o 

20°C, v = 0.001000 m 3 /kg 

P=? u=? 

R-410A 400 kPa, v = 0.075 m 3 /kg 

T = ?, u = ? 

nh 3 

10°C, v = 0.1 m 3 /kg 

P = ? u — ? 

N 2 

101.3 kPa, h = 60 kJ/kg 

T = ? v = ? 


a) 


Enter Table B. 1.1 with T and we see at 20°C, v < Vf so compressed liquid and 
Table B. 1.4: P = 5000 kPa and u = 83.64 kj/kg. 


b) Table B. 4. 2: P = 400 kPa v > v g so superheated, interpolate 

0.075 - 0.07227 

T = 0 + 20 0G7916 _ 0 7007 = 20 x 0.3962 = 7.9°C 
u = 261.51 + (276.44 - 261.51) x 0.3962 = 267.43 kj/kg, 


c) 


Table B.2.1 at 10°C, v f = 0.0016 m 3 /kg, v g = 0.20541 m 3 /kg 
so two-phase P = P sat = 615.2 kPa 


v ~ v f 0.1-0.0016 

_ v fg “ 0.20381 


0.4828 


u = u f + x u fg = 225.99 + x x 1099.7 = 756.93 kj/kg 


d) Table B.6.1 shows that at 101.3 kPa, h f < h < h„ = 76.69 kj/kg, 
so saturated two-phase T = 77.3 K 

x = (h - h f ) / h fg = (60 + 122.15)7198.84 = 0.916 
v = v f + x v fg = 0.001240 + 0.916 x 0.21515 = 0.1983 m 3 /kg 


States shown are 
placed relative to the two- 
phase region, not to each 
other. 
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3.76 


Find the missing properties of (u, h, and x) 


a. 

h 2 o 

T= 120°C, v = 0.5 nr /kg 

b. 

h 2 o 

T= 100°C, P = 10 MPa 

c. 

n 2 

T= 100 K, x = 0.75 

d. 

n 2 

T = 200 K, P = 200 kPa 

e. 

nh 3 

T= 100°C, v = 0.1 m 3 /kg 


Solution: 


a) Table B. 1.1: Vf < v < v g => L+V mixture, P = 198.5 kPa, 

x = (0.5 - 0.00106)/0.8908 = 0.56, 
u = 503.48 + 0.56 x 2025.76 = 1637.9 kj/kg 

b) Table B. 1.4: compressed liquid, v = 0.001039 m 3 /kg, u = 416.1 kj/kg 

c) Table B.6.1: 100 K, x = 0.75 

v = 0.001452 + 0.75 x 0.02975 = 0.023765 m 3 /kg 
u = -74.33 + 0.75 xl37.5 = 28.8 kj/kg 

d) Table B. 6.2: 200 K, 200 kPa 

v = 0.29551 m 3 /kg ; u = 147.37 kj/kg 

e) Table B. 2.1: v > v g => superheated vapor, x = undefined 

0.1 -0.10539 

B.2.2: P - 1600 + 400 x q. 08248-0. 10539 - 1694 kPa 
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3.77 

Determine the phase of the following substances and find the values of the 
unknown quantities. 

a. R-410A, T = -20°C, u = 220 kJ/kg, P = ?, x = ? 

b. Ammonia, T = -20°C, v = 0.35 m 3 /kg, P = ?, u = ? 

c. Water, P = 400 kPa, h = 2800 kJ/kg, T = ?, v = ? 

a. At -20°C in B.4.1 u < u g = 245.99 kJ/kg so, 

x = (u - Uf)/Ufg = (220 - 27.92)/2 18.07 = 0.8808 
P = p sat = 399.6 kPa 


b. At -20°C, Vf = 0.001504, v g = 0.62334 m 3 /kg, Vf < v < v g : saturated. 

P = 190.2 kPa, 


x = 


V - Vf 

v fg 


0.35 - 0.001504 
0.62184 


0.56043, 


u = u f + x u fg = 88.76 + 0.56043 x 1210.7 = 767.27 kJ/kg 


c.B.1.2 at400kPa: h > h g = 2738.5 kJ/kg so superheated vapor, 
we locate it between 150 and 200°C and interpolate 

y = (2800 - 2752.82)/(2860.5 1 - 2752.82) = 0.438 1 1 
T = 150 + y (200 - 150) = 171.9°C 
v = 0.47084 + y (0.53422 - 0.47084) = 0.4986 m 3 /kg 
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3.78 

Find the missing properties for C0 2 at: 

a) 20°C, 2 MPa v = ? and h = ? 

b) 10°C, x = 0.5 P = ?, u = ? 

c) 1 MPa, v = 0.05 m 3 /kg, T = ?, h = ? 

Solution: 

a) Table B. 3.1 P < P sat = 5729 kPa so superheated vapor. 
Table B.3.2: v = 0.0245 m 3 /kg, h = 368.42 kJ/kg 


b) Table B. 3.1 since x given it is two-phase 

P = p sat = 4502 kPa 

u = u f + x u fa = 107.6 + 0.5 x 169.07 = 192.14 kJ/kg 

c) Table B. 3.1 v > v g ~ 0.0383 m 3 /kg so superheated vapor 

Table B.3.2: Between 0 and 20°C so interpolate. 

0.05 - 0.048 

T = 0 + 20 x Q Q5 24 _ q q 48 = 20 x 0.4545 = 9.09' 3 C 
h = 361.14 + (379.63 - 361.14) x 0.4545 = 369.54 kJ/kg 
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3.79 

Find the missing properties among (T, P, v, u, h and x if applicable) and indicate 
the states in a P-v and a T-v diagram for 

a. R-410A P = 500 kPa, h = 300 kJ/kg 

b. R-410A T = 10°C, u = 200 kJ/kg 

c. R-134a T = 40°C, h = 400 kJ/kg 
Solution: 

a) Table B. 4.1: h > h g => superheated vapor, look in section 500 kPa and 
interpolate 

300-287.84 

T = 0 + 20 x .... - ~ — — . . = 20 x 0.66303 = 13.26°C, 

JUo.to — 28 /. 84 

v = 0.05651 + 0.66303 x (0.06231-0.05651) = 0.06036 m 3 /kg, 
u = 259.59 + 0.66303 x (275.02 - 259.59) = 269.82 kJ/kg 

b) Table B. 4.1: u < u g = 255.9 kJ/kg => L+V mixture, P = 1085.7 kPa 

u - Uf 200 - 72.24 

x = = . O o 77 = 0.6956, 

Uf g 183.66 

v = 0.000886 + 0.6956 x 0.02295 = 0.01685 m 3 /kg, 
h = 73.21 + 0.6956 x 208.57 = 218.3 kJ/kg 


c) Table B.5.1: h < h g => two-phase L + V, look in B.5.1 at 40°C: 
h - h f 400 - 256.5 


x = 


h 


fg 


163 


- 3 — = 0.87875, 


P = P sat = 1017 kPa, 


v = 0.000 873 + 0.87875 x 0.01915 = 0.0177 m 3 /kg 
u = 255.7 + 0.87875 x 143.8 = 382.1 kJ/kg 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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3.80 

Saturated liquid water at 20°C is compressed to a higher pressure with constant 
temperature. Find the changes in u and h from the initial state when the final 
pressure is a) 500 kPa, b) 2000 kPa 

Solution: 

State 1 is located in Table B.1.1 and the states a-c are from Table B.1.4 


State 

u [kJ/kg] 

h [kJ/kg] 

Au = u - u 1 

Ah = h - hj 

A(Pv) 

1 

83.94 

83.94 




a 

83.91 

84.41 

-0.03 

0.47 

0.5 

b 

83.82 

85.82 

-0.12 

1.88 

2 


For these states u stays nearly constant, dropping slightly as P goes up. 
h varies with Pv changes. 
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3.81 

Determine the phase of the following substances and find the values of the 
unknown quantities. 

a. Water, P = 500 kPa, u = 2850 kJ/kg, T = ?, v = ? 

b. R-134a, T = -10°C, v = 0.08 m 3 /kg, P = ?, u = ? 

c. Ammonia, T = -20°C, u = 1000 kJ/kg, P = ?, x = ? 

a. B.1.2 at500kPa: u > u g = 2561 kJ/kg so superheated vapor. 

we locate it between 300 and 350°C and interpolate 

x = (2850 - 2802.9)/(2882.6 - 2802.9) = 0.590966 
T = 300 + x (350 - 300) = 329.55°C 
v = 0.52256 + x (0.57012 - 0.52256) = 0.5507 m 3 /kg 

b. B.5.1 at -10°C, Vf = 0.000755 m 3 /kg, v g = 0.09921 m 3 /kg, v f < v < v„ : 

saturated, P = 201.7 kPa, 
x = (v - v f )/v fg = (0.08-0.000755)/0.09845 = 0.805, 

u = u f + x Ufg = 186.57 + 0.805 x 185.7 = 336 kJ/kg 

c. B.2.1 at-20°C: u < u g = 1299.5 kJ/kg so, P = P sat = 190.2 kPa 

x = (u - u f )/ufg = (1000 - 88.76)71210.7 = 0.7526 
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3.82 

Consider Problem 3.101. Take the whole room as a C.V. and write both 
conservation of mass and energy equations. Write some equations for the process 
(two are needed) and use those in the conservation equations. Now specify the 
four properties that determines initial (2) and final state (2), do you have them all? 
Count unknowns and match with equations to determine those. 

C.V.: Containment room and reactor. 

Mass: m 2 - m : = 0 ; m 2 = m 1 = V reactor / Vl 

Energy: m(u 2 - Uj) = jQ 2 - jW 2 

Process: Room volume constant V = C ■=> = 0 

Room insulated * iQ 2 = o 

Using these in the equation for mass and energy gives: 
m 9 = V 0 /v 0 = nij ; m(u 0 - Uj) = 0 - 0 = 0 

State 1: Pp Tj so Table B. 1.4 gives Vj, u 1 ■=> m 1 

State 2: P 2 , ? 

We do not know one state 2 property and the total room volume 
Energy equation then gives u 0 = u 1 (a state 2 property) 

State 2: P 2 , u 0 ■=> v 2 

Now we have the room volume as 

Continuity Eq.: m 9 = V/v 0 = m, so V = m. v 0 
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3.83 

Consider a steel bottle as a CV. It contains carbon dioxide at -20 °C, quality 20%. 
It has a safety valve that opens at 6 MPa. The bottle is now accidentally heated 
until the safety valve opens. Write the process equation that is valid until the 
valve opens and plot the P-v diagram for the process. 

Solution: 

C.V. carbon dioxide, which is a control mass of constant volume. 

Energy Eq.3.5 (3.26): u 2 - u : = 2 q 2 - iw 2 

Process: V = constant and m = constant 

=> v = constant ; ^w 2 = 0 

State 1: Table B.3.1, P, = P sat = 1970 kPa 

Vj = v f + x v fg = 

State 2: 6000 kPa, vj = v 2 = => Table B.3.1 or B. 3. 2 

t 2 = • • • > u 2 = 

192 = (u 2 - uj) = 



State 2 could also be in the 
two-phase region if 

V 1 = v 2 < v g at 6 MPa 
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3.84 

A piston/cylinder contains water with quality 75% at 200 kPa. Slow expansion is 
performed while there is heat transfer and the water is at constant pressure. The 
process stops when the volume has doubled. How do you determine the final state 
and the heat transfer? 

CV. Water, this is a control mass, we do not know size so do all per unit mass. 
Energy Eq.3.5: u 2 - u x = ^ - : w 2 

Process: P = C; jw 2 = I Pdv = P(v 2 - Vj) 

State 1: x b ?i Table B. 1.2 gives Tj, Uj 

State 2: v 2 - 2vj = . . . & P 2 = P 1 

Compare v 2 to v g to determine if sup. vapor or not. 

Either find x 2 or interpolate to get T 2 and u 2 in B.1.3 
Process: P = C so the work term integral is 

jw 2 = J Pdv = P(v 2 - Vj) = 

From the energy equation 

: q 2 = (u 2 - Uj) + : w 2 = 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


3.85 

Consider Problem 3.173 with the final state given but that you were not told the 
piston hits the stops and only told V stop = 2 V] . Sketch the possible P-v diagram 

for the process and determine which number(s) you need to uniquely place state 2 
in the diagram. There is a kink in the process curve what are the coordinates for 
that state? Write an expression for the work term. 

C.V. R-410A. Control mass goes through process: 1 -> 2 -> 3 

As piston floats pressure is constant (1 -> 2) and the volume is constant for the 
second part (2 -> 3). So we have: v 3 = v 2 = 2xv 1 

State 2: V 2 = V stop => v 2 = 2 x vj = v 3 and P 2 = Pj => T 2 =... 

State 3: Table B.4.2 (P,T) v 3 = 0.02249 m 3 /kg, u 3 = 287.91 kJ/kg 

Now we can find state 1 (T^, Vi = v 3 /2 = 0.01 1245 m 3 /kg) two-phase 
Then state 2 (the kink) 

v 2 = v 3 = 0.02249 m 3 /kg 
P 2 = P 1 = 1085.7 kPa = P sat 

W = I P dV = P(V 2 - Vj) = Pm (v 2 - Vj) 
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3.86 

Take problem 3.210 and write the left hand side (storage change) of the 
conservation equations for mass and energy. How do you write lrq and Eq. 3.5? 


C.V.: Both rooms A and B in tank. 



Continuity Eq.: m 2 - m A1 - m fil = 0 ; 

Energy Eq.: m 2 u 2 - m A1 u A1 - m B1 u B1 = X Q 2 - jW 2 

Notice how the state 1 term split into two terms 

m, = I p dV = J (1/v) dV = V A /v A1 + Vg/v B1 = m A] + m 
and for energy as 

m 1 u 1 = J pu dV = J (u/v) dV = (u A1 /v A1 )V A + (u B1 /v B1 )V 


B1 


B 


= m Al U Al +m Bl U Bl 


Formulation continues as: 

Process constant total volume: = V A + and = 0 


tot - V A 1 B 
iru = m A , + m^ 1 => = W^Jm 


1 TT 2 


A1 ' B1 


tot 2 


etc. 
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3.87 

Two rigid insulated tanks are connected with a pipe and valve. One tank has 0.5 
kg air at 200 kPa, 300 K and the other has 0.75 kg air at 100 kPa, 400 K. The 
valve is opened and the air comes to a single uniform state without any heat 
transfer. How do you determine the final temperature and pressure? 


Solution: 

C.V. Total tank. Control mass of constant volume. 

Mass and volume: m 2 = m A + m B ; V = V A + V B 

Energy Eq.: U 2 - U, = m 2 u 2 - m A u A1 - m B u B1 = iQ 2 - : W 2 = 0 

Process Eq.: V = constant => jW 2 = 0; Insulated => iQ 2 = 0 

Ideal gas at Al: V A = m A RT A1 /P A1 = 

u A1 = from Table A. 7 

Ideal gas at B 1 : V B = m B RT B1 / P B1 = 

u B j= from Table A. 7 

State 2: m 2 = m A + m B ; => v 2 = V/ m 2 = 

m A u Al + m B u B1 

Energy Eq.: u 2 = ~ = => Table A. 7.1: T 2 

P 2 = m 2 RT 2 /V = 
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Look at problem 3.183 and plot the P-v diagram for the process. Only T 2 is given, 

how do you determine the 2 nd property of the final state? What do you need to 
check and does it have an influence on the work term? 


Process: P = constant = F/A = Pj if V > Vmin 


V = constant = V la = V^n if P < Pj 

State 1: (P, T) Vj = mRiyP! = 0.5 x 0.287 x 1000/2000 = 0.07175 m 3 

The only possible P-V combinations for this system are shown in the diagram so 
both state 1 and 2 must be on the two lines. For state 2 we need to know if it is on 
the horizontal P line segment or the vertical V segment. Let us check state la: 

V la 

State la: Pla = p l> v la = V min . Ideal gas so T la = T : 


We see if T 2 < T j a then state 2 must have V 2 = V la = Vmin = 0-03 nr . So state 2 

T 2 Vi 

is known by (T 2 , v 2 ) and P 2 = PiX x 

1 — 


If it was that T 2 > Ti a then we know state 2 as: 


V 2 = ViX 


Ti 

Tt 


T 2 , P 2 = Pi and we then have 


The work is the area under the process curve in the P-V diagram and so it does 
make a difference where state 2 is relative to state la. For the part of the process 
that proceeds along the constant volume Vmj n the work is zero, there is only work 

when the volume changes. 

lW 2 = J^PdV = P,(V la -V,) 
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3.89 

A 100-L rigid tank contains nitrogen (N 2 ) at 900 K, 3 MPa. The tank is now 
cooled to 100 K. What are the work and heat transfer for this process? 
Solution: 

C.V.: Nitrogen in tank. m 2 = m 1 ; 

Energy Eq.3.5: m(u 2 - up = - jW 2 

Process: V = constant, v 0 = v 1 = V/m => jW, = 0 

Table B. 6. 2: State 1: v 1 = 0.0900 m 3 /kg => m = V/Vj = 1.111 kg 

u 1 = 691.7 kJ/kg 

State 2: 100 K, v 0 =v 1 =V/m, look in Table B. 6. 2 at 100 K 

200 kPa: v = 0. 1425 m 3 /kg; u = 7 1 .7 kJ/kg 

400 kPa: v = 0.0681 m 3 /kg; u = 69.3 kJ/kg 
so a linear interpolation gives: 

P 2 = 200 + 200 (0.09 - 0.1425)/(0.0681 - 0.1425) = 341 kPa 

0.09-0.1425 

u 2 = 71.7 + (69.3 - 71.7) Q Q6gl _ 0 1425 = 70 -° kJ/k g^ 

: Q 2 = m(u 2 - u : ) = 1.111 kg (70.0 - 691.7) kJ/kg = -690.7 kj 
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A constant pressure piston/cylinder aasembly contains 0.2 kg water as saturated 
vapor at 400 kPa. It is now cooled so the water occupies half the original volume. 
Find the work and the heat transfer in the process. 


Solution: 

Energy Eq.3.5: 

Process: P = C; 
Table B. 1.2 

State 1: 

State 2: 


m(u 2 -u 1 )= : Q 2 - : W 2 
1 W 2 = JpdV = P(V 2 -V 1 ) 

v j = 0.46246 m 3 /kg; u : = 2553.55 kJ/kg 
v 2 = vp 2 = 0.23123 m 3 /kg = v f + x v fg ; 


v 2 - v f2 
X2 ~ V fg2 


0.23123-0.001084 

0.46138 


0.4988 


u 2 = Uf 2 + x 2 u fg2 = 604.29 + x 2 x 1949.26 = 1576.58 kJ/kg 
Process: P = C so the work term integral is 


: W 2 = P(V 2 -V 1 ) = 400 kPa x 0.2 x (0.23123 - 0.46246) m 3 

= -18.5 kj 

From the energy equation 

: Q 2 = m(u 2 - up + ,W 2 = 0.2 (1576.58 - 2553.55) - 18.5 

= -213.9 kj 
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3.91 

Saturated vapor R-410A at 0°C in a rigid tank is cooled to -20°C. Find the 
specific heat transfer. 


Solution: 

C.V.: R-410A in tank. m 2 = m 1 ; 

Energy Eq.3.5: (u 2 - Uj) = : q 2 - jW 2 

Process: V = constant, v 0 = v 1 = V/m => jW 2 = 0 

Table B. 4.1: State 1: u 1 = 253.0 kJ/kg 

State 2: -20°C, v 0 = v 1 = V/m, look in Table B.4.1 at -20°C 


v 2 ' v f2 0.03267 - 0.000803 

x 2 = = n = 0.4979 

1 v fg 2 0.06400 

u 2 = Uf 2 + x 2 Uf 2 2 = 27.92 + x 2 x218.07 = 136.5 kJ/kg 
From the energy equation 

iq 2 = (u 2 - uj) = ( 136.5 - 253.0 ) = -116.5 kJ/kg 
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3.92 

Ammonia at 0°C, quality 60% is contained in a rigid 200-L tank. The tank and 
ammonia is now heated to a final pressure of 1 MPa. Determine the heat transfer 
for the process. 

Solution: 



Continuity Eq.: m 2 = m 1 = m ; 

Energy Eq. 3. 5: m(u 0 - u^ = jQ 0 - jW 9 

Process: Constant volume => v 0 =v 1 & jW 0 = 0 

State 1: Table B. 2.1 two-phase state. 

Vj = 0.001566 + x x x 0.28763 = 0.17414 m 3 /kg 

u 1 = 179.69 + 0.6 x 1 138.3 = 862.67 kJ/kg 

m = V/v 1 =0.2 m 3 /0.17414m 3 /kg= 1.148 kg 

State 2: P 0 , v 0 = v 1 superheated vapor Table B.2.2 

=>T 2 =100°C, u 2 = 1490.5 kJ/kg 

So solve for heat transfer in the energy equation 

= m(u 9 - Uj) = 1.148 kg (1490.5 - 862.67) kJ/kg = 720.75 kj 
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3.93 

A rigid tank contains 1.5 kg of R-134a at 40°C, 500 kPa. The tank is placed in a 
refrigerator that brings it to -20°C. Find the process heat transfer and show the 
process in a P-v diagram. 

CV the R-134a. 

Energy Eq.: U 2 -U, = jQ 2 - jW 2 = ,Q 2 , 

Process: Rigid tank V = C => v = constant & ] W 2 - Jj PdV = 0 

State 1: vj = 0.04656 m 3 /kg, 

U] = 407.44 kJ/kg 

State 2: T, v => two-phase 

(straight down in P-v diagram 
from state 1) 



x 2 = (v - v f )/v f g = (0.04656 - 0.000738)/0. 14576 = 0.31437 
u 2 = u f + x 2 Ufg = 173.65 + 0.31437X 192.85 = 234.28 kJ/kg 

From the energy equation 


iQ 2 = m(u 2 - uj) = 1.5 kg (234.28 - 407.44) kJ/kg = -259.7 kj 
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3.94 

A piston cylinder contains air at 600 kPa, 290 K and a volume of 0.01 m 3 . A 
constant pressure process gives 54 kJ of work out. Find the final volume, the 
temperature of the air and the heat transfer. 


C.V AIR control mass 
Continuity Eq.: m 2 - mj = 0 


Energy Eq.: 


m(u 2 -u 1 ) = : Q 2 - jW 2 


Process: 
State 1 : Pj 


P = C so 1 W 2 = lPdV = P(V 2 -V 1 ) 
Tj.Vj State 2 : P : = P 2 , ? 

600 kPa x 0,01 m 3 

m l = P l V l /RT l = 0.287 kJ/kg-K x 290 K 
jW 2 = P(V 2 - Vj) = 54 kJ -» 


0.0721 kg 


V 2 - Vi = iW 2 /P = 54 kJ / 600 kPa = 0.09 m 3 


V 2 = Vj + : W 2 / P = 0.01 + 0.09 = 0.1 m 3 
Ideal gas law : P 2 V 2 = mRT 2 


P 2 V 2 0.10 

T 2 = P 2 V 2 / mR = T t = O0T X 290 K = 2900 K 

Energy equation with u’s from table A. 7.1 

lQ 2 = m (u 2 - U| ) + i W 2 

= 0.0721 kg x (2563.8 - 207.19) kJ/kg + 54 kJ 

= 223.9 kJ 
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3.95 

Two kg water at 120°C with a quality of 25% has its temperature raised 20°C in a 
constant volume process as in Fig. P3.95. What are the heat transfer and work in 
the process? 


Solution: 

C.V. Water. This is a control mass 
Energy Eq.: m (u 2 - u : ) = : Q 2 - iW 2 

Process : V = constant 

-» jW 2 = J P dV = 0 



P 

Mill 



State 1: 


T, xj from Table B. 1.1 


v l = Vf + xj v fg = 0.00106 + 0.25 x 0.8908 = 0.22376 m 3 /kg 
uj = u f + x : u fg = 503.48 + 0.25 x 2025.76 = 1009.92 kJ/kg 

State 2: T 2 , v 2 = vj< v g2 = 0.50885 m 3 /kg so two-phase 


x 2 = 


v 2 - v f2 
V fg2 


0.22376 - 0.00108 
0.50777 


0.43855 


u 2 = Ufi + x 2 u fg2 = 588.72 + x 2 xl961.3 = 1448.84 kJ/kg 
From the energy equation 

jQ 2 = m(u 2 - uj) = 2 kg x (1448.84 - 1009.92) kJ/kg = 877.8 kj 
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3.96 

A cylinder fitted with a frictionless piston contains 2 kg of superheated refrigerant 

R-134a vapor at 350 kPa, 100°C. The cylinder is now cooled so the R-134a 
remains at constant pressure until it reaches a quality of 75%. Calculate the heat 
transfer in the process. 

Solution: 

C.V.: R-134a m 2 = m 1 = m; 

Energy Eq.3.5 m(u 7 - up = - jW 2 

Process: P = const. => jW 2 = /PdV = PAY = P(V 0 - Vp = Pm(v 2 - Vj) 



State 1: Table B.5.2 h, = (490.48 + 489.52)/2 = 490 kJ/kg 

State 2: Table B.5.1 h 2 = 206.75 + 0.75 xl94.57 = 352.7 kJ/kg (350.9 

kPa) 

jQ 2 = m(u 0 - up + jW 2 = m(u 0 - up + Pm(v 2 - vp = m(h 0 - hp 
,Q 2 = 2 kg x (352.7 - 490) kJ/kg = -274.6 kj 
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A piston cylinder contains 1.5 kg water at 200 kPa, 150°C. It is now heated in a 

process where pressure is linearly related to volume to a state of 600 kPa, 350°C. 
Find the final volume, the work and the heat transfer in the process. 

Take as CV the 1.5 kg of water. 
m 2 = lrq = m ; 

Process Eq.: P = A + BV (linearly in V) 

State 1: (P, T) => vj = 0.95964 m 3 /kg, 

u : = 2576.87 kJ/kg 



State 2: (P, T) => v 2 = 0.47424 m 3 /kg, u 2 = 2881.12 kJ/kg 

V 2 = mv 2 = 0.7114 m 3 

From process eq.: 

lW 2 = J P dV = area = y (P ( + P 2 )(v 2 - vj) 

= ^kg (200 + 600) kPa (0.47424 - 0.95964) m 3 /kg = -291.24 kj 
Notice volume is reduced so work is negative. 


Energy Eq.: m(u 2 - u 2 ) = jQ 2 - ,W 2 

lQ 2 = m(u 2 - ui) + iW 2 

= 1.5 kg (2881.12 - 2576.87) kJ/kg - 291.24 kJ 

= 165.1 kj 
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3.98 


A piston/cylinder contains 50 kg of water at 200 kPa with a volume of 0.1 m . 
Stops in the cylinder are placed to restrict the enclosed volume to a maximum of 

0.5 m . The water is now heated until the piston reaches the stops. Find the 
necessary heat transfer. 

Solution: 

C.V. FL,0 m = constant 

Energy Eq.3.5: m(e 2 - ep = m(u 0 - up = - jW 2 

Process : P = constant (forces on piston constant) 

^ 1 W 2 = /PdV = P 1 (V 2 -V 1 ) 


Properties from Table B . 1 . 1 

State 1: Vj = 0.1/50 = 0.002 m 3 /kg => 2-phase as Vj < v g 


vi-Vf 0.002-0.001061 


x l = 


= 0.001061 


Vfg 0.88467 

hj = 504.68 + 0.001061 x 2201.96 = 507.02 kJ/kg 


State 2: v 2 = 0.5/50 = 0.01 m 3 /kg also 2-phase same P 



V2-v f 0.01 -0.001061 


= 0.01010 


Vfg 0.88467 

= 504.68 + 0.01010 x 2201 .96 = 526.92 kJ/kg 


Find the heat transfer from the energy equation as 

= m(u 0 - up + jW 2 = m(fn, - hp 

: Q 2 = 50 kg x (526.92 - 507.02) kJ/kg = 995 kj 
[ Notice that jW 2 = Pj (V 2 - Vp = 200 kPa x (0.5 - 0. 1) m 3 = 80 kJ ] 
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Ammonia (0.5 kg) is in a piston cylinder at 200 kPa, -10°C is heated in a process 

where the pressure varies linear with the volume to a state of 120°C, 300 kPa. 
Find the work and the heat transfer for the ammonia in the process. 

Solution: 

Take CV as the Ammonia, constant mass. 

Continuity Eq.: m 2 = m 1 = m ; 

Process: P = A + BV (linear in V) 

State 1: Superheated vapor v^ = 0.6193 m 3 /kg, uj = 1316.7 kJ/kg 

State 2: Superheated vapor v 2 = 0.63276 m 3 /kg, u 2 = 1542.0 kJ/kg 
Work is done while piston moves at increasing pressure, so we get 

jW 2 = I P dV = area = P avg (V 2 - Vp = \ (Pi + P 2 )m(v 2 - Vj) 

= 1/2(200 + 300) kPa x 0.5 kg (0.63276 - 0.6193) m 3 /kg 

= 1.683 kj 

Energy Eq.: m(u 2 - Uj) = : Q 2 - ,W 2 

lQ 2 = m(u 2 - Ui) + : W 2 

= 0.5 kg (1542.0 - 1316.7) kJ/kg + 1.683 kJ 

= 114.3 kj 
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3.100 

A piston/cylinder contains 1 kg water at 20°C with volume 0.1 m 3 . By mistake 
someone locks the piston preventing it from moving while we heat the water to 
saturated vapor. Find the final temperature and the amount of heat transfer in the 
process. 


Solution: 

C.V. Water. This is a control mass 
Energy Eq.: m (u 2 - Uj ) = : Q 2 - iW 2 

Process : V = constant -> jW 2 = 0 

State 1: T, vj = V ^m = 0.1 m /kg > v f so two-phase 


v l‘ v f 0.1-0.001002 _ 

xi = = — - jqqh — =0.0017131 

1 v fg 57.7887 

uj = u f + xj Uf g = 83.94 + x 1 x 2318.98 = 87.913 kJ/kg 


State 2: 


v 2 = V 1 = 0-1 & x 2 =1 

found in Table B.1.1 between 210°C and 215° C 
0.1-0.10441 


T 2 = 210 + 5 x 


= 210 + 5 x 0.4584 = 212.3°C 


0.09479-0.10441 
u 2 = 2599.44 + 0.4584 (2601.06 - 2599.44) = 2600.2 kJ/kg 
From the energy equation 

: Q 2 = m(u 2 - u x ) = 1 kg ( 2600.2 - 87.913) kJ/kg = 2512.3 kj 
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3.101 


'l 

A water-filled reactor with volume of 1 m is at 20 MPa, 360°C and placed inside a 
containment room as shown in Fig. P3.101. The room is well insulated and initially 
evacuated. Due to a failure, the reactor ruptures and the water fills the containment 
room. Find the minimum room volume so the final pressure does not exceed 200 
kPa. 

Solution: 

C.V.: Containment room and reactor. 

Mass: m 2 = m : = V reactor /v 1 = 1/0.001823 = 548.5 kg 

Energy: m(u 2 - u^ = - jW 0 = 0-0 = 0 


State 1: Table B.1.4 v 1 = 0.001823 nr/kg, u 1 = 1702.8 kJ/kg 
Energy equation then gives u 0 = u 1 = 1702.8 kJ/kg 
State 2: P 0 = 200 kPa, u 0 < u g => Two-phase Table B. 1.2 

x 2 = (u 2 - u f )/ u fg = (1702.8 - 504.47)72025.02 = 0.59176 


v 2 = 0.001061 + 0.59176 x 0.88467 = 0.52457 m 3 /kg 


V 0 = m 2 v 2 = 548.5 kg x 0.52457 m 3 /kg = 287.7 m 3 
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3.102 

A rigid tank holds 0.75 kg ammonia at 70°C as saturated vapor. The tank is now 
cooled to 20°C by heat transfer to the ambient. Which two properties determine 
the final state. Determine the amount of work and heat transfer during the process. 


C.V. The ammonia, this is a control mass. 


2 


Process: Rigid tank V = C => 


v = constant & | W 2 = f PdV = 0 


Energy Eq.: U 2 - U 2 = iQ 2 - iW 2 = 1 Q 2 , 


1 


State 1: V] = 0.03787 m 3 /kg, 

uj = 1338.9 kJ/kg 

State 2: T, v => two-phase (straight down in 

P-v diagram from state 1) 



x 2 = (v - v f )/vfg = (0.03787 - 0.001638)/0. 14758 = 0.2455 
u 2 = u f + x 2 u f g = 272.89 + 0.2455 x 1059.3 = 532.95 kJ/kg 

: Q 2 = m(u 2 - uj) = 0.75 kg (532.95 - 1338.9) kJ/kg = - 604.5 kj 
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3.103 

Water in a 150-L closed, rigid tank is at 100°C, 90% quality. The tank is then 
cooled to -10°C. Calculate the heat transfer during the process. 


Solution: 

C.V.: Water in tank. m 2 = ; 

Energy Eq. 3. 5: m(u 0 - u^ = - jW 0 

Process: V = constant, v 2 = Vj, jW 2 = 0 
State 1: Two-phase L + V look in Table B.1.1 

Vj = 0.001044 + 0.9 x 1.6719 = 1.5057 m 3 /kg 

u x = 418.94 + 0.9 x 2087.6 = 2297.8 kJ/kg 
State 2: T-,, v 0 = v 1 => mix of saturated solid + vapor Table B.1.5 
v 2 = 1.5057 = 0.0010891 +x 2 x 466.7 => x 2 = 0.003224 

u 2 = -354.09 + 0.003224 x 2715.5 = -345.34 kJ/kg 
m = V/Vj = 0.15/1.5057 = 0.09962 kg 
jQ 2 = m(u 2 - u : ) = 0.09962 kg (-345.34 - 2297.8) kJ/kg = - 263.3 kj 
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3.104 

A 25 kg mass moves with 25 m/s. Now a brake system brings the mass to a 
complete stop with a constant deceleration over a period of 5 seconds. The brake 

energy is absorbed by 0.5 kg water initially at 20°C, 100 kPa. Assume the mass is 
at constant P and T. Find the energy the brake removes from the mass and the 
temperature increase of the water, assuming P = C. 

Solution: 

C.V. The mass in motion. 

E 2 - Ej= AE = 0.5 mV 2 = 0.5 x 25 x 2571000 = 7.8125 kj 

C.V. The mass of water. 

m(u 7 - up = AE = 7.8125 kJ 

=> u 0 - Uj = 7.8125 kJ/ 0.5 kg = 15.63 kJ/kg 

u 0 = u : + 15.63 = 83.94 + 15.63 = 99.565 kJ/kg 

Assume u 9 = u f then from Table B.1.1: T 0 = 23.7°C, AT = 3.7°C 

We could have used u 0 - u 1 = CAT with C from Table A. 4: C = 4.18 kJ/kg K 
giving AT = 15.63/4.18 = 3.7°C. 
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3.105 

A cylinder having a piston restrained by a linear spring (of spring constant 15 
kN/m) contains 0.5 kg of saturated vapor water at 120°C, as shown in Fig. 
P3.105. Heat is transferred to the water, causing the piston to rise. If the piston 

cross-sectional area is 0.05 m^, and the pressure varies linearly with volume until 
a final pressure of 500 kPa is reached. Find the final temperature in the cylinder 
and the heat transfer for the process. 

Solution: 

C.V. Water in cylinder. 

Continuity: m 2 = lrq = m ; 


Energy Eq.3.5: m(u 2 - u i) = 1Q2 ~ iW 2 

State 1: (T, x) Table B.1.1 => Vj = 0.89186 m 3 /kg, Uj = 2529.2 kJ/kg 


Process: P 2 = ?i + 


k s m 


A, 


15x0.5 

2 (v 2 - vj) = 198.5 + j ( v 2 - 0.89186) 


V (0.05) 

State 2: P 2 = 500 kPa and on the process curve (see above equation). 

=> v 2 = 0.89186 + (500 - 198.5) x (0.05 2 /7.5) = 0.9924 m 3 /kg 
(P,v) Table B. 1.3 => T 2 = 803°C; u 2 = 3668 kJ/kg 
The process equation allows us to evaluate the work 


I W 2 = / PdV = 


*1 + P 2 ^ 


V 


J 


m(v 2 - v 2 ) 


198.5 + 5003 


J 


kPa x 0.5 kg x (0.9924 - 0.89186) m 3 /kg = 17.56 kJ 


Substitute the work into the energy equation and solve for the heat transfer 


: Q 2 = m(u 2 - u x ) + ,W 2 = 0.5 kg x (3668 - 2529.2) kJ/kg + 17.56 kJ = 587 kJ 
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3.106 

A piston cylinder arrangement with a linear spring similar to Fig. P3.105 contains 

R-134a at 15°C, x = 0.4 and a volume of 0.02 m 3 . It is heated to 60°C at which 

point the specific volume is 0.03002 m 3 /kg. Find the final pressure, the work and 
the heat transfer in the process. 

Take CV as the R-134a. 

m 2 = m 1 = m ; m(u 2 - Uj) = : Q 2 - iW 2 
State 1:Tj,xj => Two phase so Table B. 5.1: Pj = P sat = 489.5 kPa 

Vj = v f + X! v fg = 0.000805 + 0.4 x 0.04133 = 0.01734 m 3 /kg 
U 2 = u f + X| u fg = 220.1 + 0.4 x 166.35 = 286.64 kJ/kg 
m = V^vj = 0.02 m 3 / 0.01734 m 3 /kg = 1.1534 kg 
State 2: (T, v) Superheated vapor, Table B.5.2. 

P 2 = 800 kPa, v 2 = 0.03002 m 3 /kg, u 2 = 421.2 kJ/kg 
V 2 = m v 2 = 1.1534 kg x 0.03002 m 3 /kg = 0.03463 m 3 
Work is done while piston moves at linearly varying pressure, so we get 
tW 2 = J P dV = area = P avg (V 2 - VO = 0.5(P 2 + Pj)( V 2 - VO 

= 0.5 x (489.5 + 800) kPa (0.03463 - 0.02) m 3 = 9.433 kj 
Heat transfer is found from the energy equation 

jQ 2 = m(u 2 - u : ) + {W 2 = 1-1534 x (421.2 - 286.64) + 9.43 = 164.6 kj 
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3.107 

A 10-m high open cylinder, A C y\ = 0.1 m 2 , contains 20°C water above and 2 kg of 

20°C water below a 198.5-kg thin insulated floating piston, shown in Fig. P3.107. 
Assume standard g, Po. Now heat is added to the water below the piston so that it 
expands, pushing the piston up, causing the water on top to spill over the edge. 
This process continues until the piston reaches the top of the cylinder. Find the 
final state of the water below the piston ( T , P, v) and the heat added during the 
process. 

Solution: 

C.V. Water below the piston. 

Piston force balance at initial state: FT = F>t = P a A = nipg + m fi g + PqA 

State 1 A B : Comp. Liq. => v = Vf = 0.001002 m 3 /kg; u 1A = 83.95 kJ/kg 

V A1 = m A v A1 = 0.002 m 3 ; m tot = V tot /v = 1/0.001002 = 998 kg 
mass above the piston m B1 = m tot - m A = 996 kg 

(198.5 +996) x 9.807 

p Al = p 0 + ( m p + m B )g/A = 101.325 + oJTTooo = 218,5 kPa 

m pg t 

State 2 a : P A2 = Pq + ~f~ = 120.8 kPa ; v A2 = V tot / m A = 0.5 nr /kg 

Xa2 = (0.5 - 0.001047)/1.4183 = 0.352 ; T 2 = 105°C 
Ua2 = 440.0 + 0.352 x 2072.34 = 1169.5 kJ/kg 

Continuity eq. in A: m A2 = m A j 

Energy: m A (u 2 - u : ) = : Q 2 - : W 2 
Process: P linear in V as m B is linear with V 

1 W 2 = /PdV = |(218.5 + 120.82) kPa(l -0.002) m 3 

= 169.32 kj 

jQ 2 = m A (u 2 - Ui) + ,W 2 = 2170.1 + 169.3 = 2340.4 kj 
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3.108 

Assume the same setup as in Problem 3.101, but the room has a volume of 100 m . 
Show that the final state is two-phase and find the final pressure by trial and error. 


C.V.: Containment room and reactor. 

Mass: m 2 = mj = V react0 / v i = 1/0.001823 = 548.5 kg 

Energy: m(u 2 - Uf) = 1 Q 2 - | W 2 = 0 - 0 = 0 => u 2 = uj = 1702.8 kJ/kg 

Total volume and mass => v 2 = V room /m 2 = 0.1823 m 3 /kg 

State 2: u 2 , v 2 Table B. 1.1 see Figure. 

-1 

Note that in the vicinity of v = 0.1823 m /kg crossing the saturated vapor line 
the internal energy is about 2585 kJ/kg. However, at the actual state 2, u = 
1702.8 kJ/kg. Therefore state 2 must be in the two-phase region. 


Trial & error v = vy + xv f „ ; u = u f + xu fg 

v 2 - v f 

=> u 2 = 1702.8 = u f + — Uf g 
Compute RHS for a guessed pressure P 2 : 



P 2 = 600 kPa: 
P 2 = 550 kPa: 


RHS = 669.88 + 


0.1823-0.001101 

0.31457 


RHS = 655.30 + 


0.1823-0.001097 

0.34159 


Linear interpolation to match u = 1702.8 gives 


x 1897.52 = 1762.9 

x 1909.17 = 1668.1 

P 2 = 568.5 kPa 


too large 
too small 
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3.109 

A piston cylinder contains carbon dioxide at -20°C and quality 75%. It is 
compressed in a process where pressure is linear in volume to a state of 3 MPa 

and 20°C. Find the specific heat transfer. 

CV Carbon dioxide out to the source, both |Q 2 and ( W 2 
Energy Eq.3.5: m(u 2 -u,)= |Q 2 - ]W 2 

Process: P = A + BV => , W 2 = j P dV = !/ 2 m(P, + P 2 ) (v 2 - v,) 

State 1: Table B.3.1 P = 1969.6 kPa 

V! = 0.000969 + 0.75 x 0.01837 = 0.01475 m 3 /kg, 
u : = 39.64 + 0.75 x 246.25 = 224.33 kJ/kg, 

State 2: Table B. 3 v 2 = 0.01512 m 3 /kg, u 2 = 310.21 kJ/kg, 
iw 2 = Vi (P : + P 2 )( v 2 - Vi) 

= 1/2 x(1969.6 + 3000) kPa x ( 0.01512 - 0.01475) m 3 /kg 

= 0.92 kJ/kg 

jq 2 = u 2 - Uj + jw 2 = 310.21 - 224.33 + 0.92 = 86.8 kJ/kg 
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3.110 

A rigid steel tank of mass 2.5 kg contains 0.5 kg R-410A at 0°C with specific 
volume 0.01 m/kg. The whole system is now heated to to a room temperature of 
25°C. 

a. Find the volume of the tank. 

b. Find the final P. 

c. Find the process heat transfer. 

C.V. R-410A and steel tank. Control mass goes through process: 1 -> 2 
Continuity Eq.: m 2 ~ m R4l0a ~ m st = 0 

Energy Eq.: m R410a (u 2 - u : ) + m st (u 2 - u : ) = : Q 2 - ,W 2 

Process: V = C so ] W 2 = 0 

State 1: T, = 0°C, vj = 0.01 m 3 /kg, 

V = mvj = 0.005 m 3 

xj = (v - v f )/Vfg = (0.01 - 0.000855)/0.03182 
= 0.28758 

uj = Uf + xj Uf g = 57.07 + Xf 195.95 
= 1 13.42 kJ/kg 



State 2: ( T, v ) => sup-vapor (straight up in T-v diagram from state 1) 

B.4. 1 at 25°C, v f = 0.000944 m 3 /kg, v g = 0.01514 m 3 /kg, v f < v < v g : saturated. 


P= 1653.6 kPa, 


v - v f o.Ol - 0.000944 „ _ 

x = = n ni A n ir . = 0.63775 

Vf g 0.01420 


u 2 = Uf + x 2 Uf g = 96.03 + x 2 162.95 = 199.95 kJ/kg 
From the energy Eq.: 

tQ 2 = m R410a( u 2 “ u l) + m st C st( T 2 “ T l) 

= 0.5 kg x (199.95 - 113.42) kJ/kg + 2.5 kg x 0.46 kJ/kgK x (25-0) K 

= 72.0 kj 
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3.111 


The piston/cylinder in Fig.P3.111 contains 0.1 kg water at 500°C, 1000 kPa. The 
piston has a stop at half the original volume. The water now cools to room 
temperature 25 °C 


(a) Sketch the possible water states in a P-v diagram. 

(b) Find the final pressure and volume 

(c) Find the heat transfer and work in the process 



Energy Eq.: m(u 2 - u 2 ) = : Q 2 - X W 2 

Process Eq: P = C if v > v stop ; V = C if P < P float 

State 1: Vj = 0.3541 1 m 3 /kg, Uj = 3124.34 kJ/kg 

State a: v a = Vj/2 = 0.177055 m 3 /kg < v g 1000 kp a so T a = T sat 1000 kp a = 179.9°C 


The possible state 2 (P,V) combinations are 
shown. State “a” is (1000 kPa, v a ) so it is 

two-phase with T a = 180°C > T 2 

P 2 = P sat 25 C = 3169 kPa and v 2 = v a 
X 2 = (v 2 - v f )/v fg = (0.177 - 0.001003)/43.358 

= 0.0040604 



u 2 = Uf + x 2 Ufg = 104.86 + x 2 2304.9 = 114.219 kJ/kg 
V 2 = mv 2 = 0.1 kg x 0.177055 m 3 /kg = 0.0177 m 3 
l W 2 = m I P dv = m P] (v 2 - vj) [see area below process curve in figure] 
= 0.1 kg x 1000 kPa x (0.177055 - 0.35411) m 3 /kg = - 17.706 kj 


: Q 2 = m(u 2 - u : ) + : W 2 = 0.1 kg (114.219 - 3124.34) kJ/kg - 17.706 kJ 

= -318.72 kj 
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3.112 

A spring loaded piston/cylinder assembly contains 1 kg water at 500°C, 3 MPa. 
The setup is such that the pressure is proportional to volume, P = CV. It is now 
cooled until the water becomes saturated vapor. Sketch the P-v diagram and find 
the final state, the work and heat transfer in the process. 


Solution : 

State 1: Table B. 1.3: Vj = 0.11619 m 3 /kg, uj = 3107.92 kJ/kg 

Process: m is constant and P = CqV = CQin v = C v 

polytropic process with n = -1 

P = Cv => C = P 1 /v 1 = 3000/0.11619 = 25 820 kPa kg/m 3 
State 2: x 2 = 1 & P 2 = Cv 2 (on process line) 



Trial & error on T 2sat or P 2sat : 

Here from B.1.2: 

at 2 MPa v g = 0.09963 => C = P/v g = 20074 (low) 
2.5 MPa v g = 0.07998 => C = P/v g = 31258 (high) 
2.25 MPa v„ = 0.08875 => C = P/v„ = 25352 (low) 


Now interpolate to match the right slope C: 


P 2 = 2250 + 250 


25 820-25 352 _ 

31 258-25 352 - 2270 kPa 


v 2 = P 2 /C = 2270/25820 = 0.0879 m 3 /kg, u 2 = 2602.07 kJ/kg 
P is linear in V so the work becomes (area in P-v diagram) 

iW 2 = J P dv = m |(Pj + P 2 )(v 2 - vj) 

= 1 kg x | (3000 + 2270) kPa (0.0879 - 0. 1 1619) m 3 = - 74.5 kj 
From the energy Eq.: 

iQ 2 = m(u 2 - u : ) + jW 2 = 1 (2602.07 - 3107.92) - 74.5 

= -1250.85 kj 
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3.113 

A piston cylinder contains 1.5 kg water at 600 kPa, 350°C. It is now cooled in a 

process where pressure is linearly related to volume to a state of 200 kPa, 150°C. 
Plot the P-v diagram for the process and find both the work and the heat transfer 
in the process. 


Take as CV the 1.5 kg of water. 
m 2 = irq = m ; 

Energy Eq.3.5: m(u 2 - u x ) = jQ 2 - jW 2 

Process Eq.: P = A + BV (linearly in V) 

State 1: (P, T) => Vj = 0.47424 m 3 /kg, 

uj =2881.12 kJ/kg 



State 2: (P, T) => v 2 = 0.95964 m 3 /kg, u 2 = 2576.87 kJ/kg 

f m 

From process eq.: jW 2 = J P dV = area = y (Pj + P 2 )(v 2 - vp 

= kg (200 + 600) kPa (0.95964 - 0.47424) m 3 /kg 

= 291.24 kj 


From energy eq.: ]Q 2 = m(u 2 - iq ) + | W 2 

= 1.5 kg (2576.87 - 2881.12) kJ/kg + 291.24 kJ 

= -165.14 kj 
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3.114 

Superheated refrigerant R-134a at 20°C, 0.5 MPa is cooled in a piston/cylinder 
arrangement at constant temperature to a final two-phase state with quality of 
50%. The refrigerant mass is 5 kg, and during this process 500 kJ of heat is 
removed. Find the initial and final volumes and the necessary work. 

Solution: 

C.V. R-134a, this is a control mass. 

Continuity: m 2 = mj = m ; 

Energy Eq.3.5: m(u 2 -Uj) = jQ 2 - jW 2 = -500 kJ - ] W 2 

State 1: Tj , Pj Table B.5.2, vj = 0.04226 m 3 /kg ; u r = 390.52 kJ/kg 

=> V ] = mV] = 0.21 1 m 3 
State 2: T 2 , x 2 => Table B. 5.1 

u 2 = 227.03 + 0.5 x 162.16 = 308.11 kJ/kg, 

v 2 = 0.000817 + 0.5 x 0.03524 = 0.018437 m 3 /kg => V 2 = mv 2 = 0.0922 m 3 
,W 2 = -500 kJ - m(u 2 - uj) = -500 kJ - 5 kg x (308.11 - 390.52) kJ/kg 

= -87.9 kJ 
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3.115 

Two kilograms of nitrogen at 100 K, x = 0.5 is heated in a constant pressure 
process to 300 K in a piston/cylinder arrangement. Find the initial and final 
volumes and the total heat transfer required. 

Solution: 

Take CV as the nitrogen. 

Continuity Eq.: m 2 = lrq = m ; 

Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - {W 2 

Process: P = constant => jW 2 = /PdV = Pm(v 7 - Vj) 

State 1: Table B.6.1 

v, = 0.001452 + 0.5 x 0.02975 = 0.01633 m 3 /kg, V, = 0.0327 m 3 
hj = -73.20 + 0.5 x 160.68 = 7.14 kJ/kg 
State 2: (P = 779.2 kPa , 300 K) => sup. vapor interpolate in Table B. 6. 2 

v 2 = 0.14824 + (0.11115-0.14824)x 179.2/200 = 0.115 m 3 /kg, V 2 = 0.23 m 3 

h 2 = 310.06 + (309.62-310.06) x 179.2/200 = 309.66 kJ/kg 

Now solve for the heat transfer from the energy equation 

jQ 2 = m(u 0 - up + jW 2 = m(h 2 - hj) = 2 kg x (309.66 - 7.14) kJ/kg = 605 kj 
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Energy Equation: Solids and Liquids 
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3.116 

In a sink 5 liters of water at 70°C is combined with 1 kg aluminum pots, 1 kg of 

flatware (steel) and 1 kg of glass all put in at 20°C. What is the final uniform 
temperature neglecting any heat loss and work? 

Energy Eq.: U 2 - U 2 = ^m^ - Ui\ = iQ 2 - iW 2 = 0 

For the water: v f = 0.001023 m 3 /kg, V = 5 L = 0.005 m 3 ; m = V/v = 4.8876 kg 

For the liquid and the metal masses we will use the specific heats (Tbl A.3, A.4) 
so 

2>i( u 2 - U^i = X m i C v i ( T 2 - T l)i = T 2 Z m i C v i - Z m i C v i T l i 

noticing that all masses have the same T 2 but not same initial T. 

£ mi C v i = 4.8876 x 4.18 + 1 x 0.9 + 1 x 0.46 + 1 x 0.8 = 22.59 kJ/K 
Energy Eq.: 22.59 T 2 = 4.8876 x 4.18 x 70 + (1 x0.9 + 1 x0.46 + 1 x0.8) x20 

= 1430.11 +43.2= 1473.3 kJ 
T 2 = 65.2°C 
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3.117 

A computer CPU chip consists of 50 g silicon, 20 g copper, 50 g polyvinyl 

chloride (plastic). It heats from 15°C to 70°C as the computer is turned on. How 
much energy does the heating require? 


Energy Eq.: U 2 - Ui = £ (u 2 - u^ = : Q 2 - ,W 2 

For the solid masses we will use the specific heats, Table A. 3, and they all have 
the same temperature so 

X m i(u 2 - Ul )i = X m iC v i (T 2 - TjJj = (T 2 - j 

^miC v i = 0.05 x 0.7 + 0.02 x 0.42 + 0.05 x 0.96 = 0.0914 kJ/K 

U 2 - Uj = 0.0914 kJ/K X (70 - 15) K = 5.03 kj 
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3.118 

A copper block of volume 1 L is heat treated at 500°C and now cooled in a 200-L 
oil bath initially at 20°C, shown in Fig. P3.118. Assuming no heat transfer with 
the surroundings, what is the final temperature? 

Solution: 

C.V. Copper block and the oil bath. 

Also assume no change in volume so the work will be zero. 

Energy Eq.: U 2 - U, = m met (u 2 - Uj)^ + m oil (u 2 - Uj)^ = jQ 2 - iW 2 = 0 

Properties from Table A. 3 and A. 4 

m me t = Vp = 0.001 m 3 x 8300 kg/m 3 = 8.3 kg, 

m 0 ii = Vp = 0.2 m 3 x 910 kg/m 3 = 182 kg 


Solid and liquid Eq. 3.32: Au = C v AT, 

Table A.3 and A.4: C v met = 0.42 C v oil = 1.8 

The energy equation for the C.V. becomes 

m metCv met(T2 — + m 0 jjC v 0 ji(T 2 — T^ 0 jj) — 0 

8.3 kg x 0.42 ^ (T 2 - 500 C) + 182 kg x 1.8 ^ (T 2 - 20 C) = 0 

331.09 T 2 - 1743-6552 = 0 
=> T 2 = 25 °C 
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3.119 

A 1 kg steel pot contains 1 kg liquid water both at 15°C. It is now put on the stove 
where it is heated to the boiling point of the water. Neglect any air being heated 
and find the total amount of energy needed. 


Solution: 


Energy Eq.: U 2 - U 1= : Q 2 - iW 2 

The steel does not change volume 
and the change for the liquid is 
minimal, so 1 W 2 = 0. 


State 2: T 2 = T sat (latm) = 100°C 

Tbl B.1.1 : uj = 62.98 kJ/kg, u 2 = 418.91 kJ/kg 
Tbl A. 3 : C st = 0.46 kJ/kg K 
Solve for the heat transfer from the energy equation 

lQ 2 = U 2 - U, = m st (u 2 - u^^ + m H20 (u 2 - Uj ) H20 

= m st C st ( T 2 - T l) + m H20 ( u 2 - u l)H20 

!Q 2 = 1 kg X 0.46 x(100 - 15) K + 1 kg x(418.91 - 62.98) kJ/kg 

= 39.1 +355.93 = 395 kj 
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3.120 

I have 2 kg of liquid water at 20°C, 100 kPa. I now add 20 kJ of energy at a 
constant pressure. How hot does it get if it is heated? How fast does it move if it 
is pushed by a constant horizontal force? How high does it go if it is raised 
straight up? 

a) Heat at 100 kPa. 

Energy equation: 

E 2 -E, = jQ 2 - ,W 2 = jQ 2 - P(V 2 - VO = H 2 - H 1= m(h 2 - h,) 
h 2 = h 2 + iQo/m = 83.94 + 20/2 = 94.04 kJ/kg 

Back interpolate in T able B . 1 . 1 : T 2 = 22.5°C 

[We could also have used AT = jQ 2 /mC = 20 / (2*4.18) = 2.4°C] 

b) Push at constant P. It gains kinetic energy. 

0.5 m Vo = jW 2 

V 2 = ^2 jWo/m = a/2 x 20 x 1000 J/2 kg = 141.4 m/s 

c) Raised in gravitational field 

m g Z 2 = ,W 2 

20 000 J 

Z ' 2 “ l W 2 /m § - 2 kg x 9.807 m/s 2 “ 1019 m 

Comment: Notice how fast (500 km/h) and how high it should be to have the 
same energy as raising the temperature just 2 degrees. I.e. in most 
applications we can disregard the kinetic and potential energies 
unless we have very high V or Z. 
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3.121 

A house is being designed to use a thick concrete floor mass as thermal storage 
material for solar energy heating. The concrete is 30 cm thick and the area 
exposed to the sun during the daytime is 4 m x 6 m. It is expected that this mass 
will undergo an average temperature rise of about 3°C during the day. How much 
energy will be available for heating during the nighttime hours? 

Solution: 


C.V.: Control mass concrete. 

V = 4mx6mx 0.3 m = 7.2 m 3 



Concrete is a solid with some properties listed in Table A. 3 

m = pV = 2200 kg/m 3 x 7.2 m 3 = 15 840 kg 
Energy Eq.: m(u 2 - 11 ,)= ,Q 2 - ,W 2 = ,Q 2 

The available heat transfer is the change in U. From Eq.3.33 and C from table 
A. 3 

kJ 

AU = m C AT = 15 840 kg x 0.88 x 3 K = 41 818 kJ = 41.82 MJ 
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3.122 

Because a hot water supply must also heat some pipe mass as it is turned on so it 

does not come out hot right away. Assume 80°C liquid water at 100 kPa is cooled 

to 45°C as it heats 15 kg of copper pipe from 20 to 45°C. How much mass (kg) of 
water is needed? 

Solution: 

C.V. Water and copper pipe. No external heat transfer, no work. 

Energy Eq.3.5: U 2 - Uj = AU CU + AU Ho q = 0-0 

From Eq.3.33 and Table A. 3: 

kJ 

AU CU = mC AT = 15 kg x 0.42 ^ x (45 - 20) K = 157.5 kJ 

From the energy equation 

m H 2 0 = - AU CU / Au H2 o 

157.5 

m H 2 0= AU CU / C H20 (- AT H 2 q) - 4 18 x 35 - l - 076 k § 
or using Table B.1.1 for water 

157.5 kJ 

m H 2 0= AU cu / ( u r u 2) - 334.84 - 188.41 kJ/kg - 1,076 kg 


Cu pipe 


Water 


The real problem involves a 
flow and is not analyzed by 
this simple process. 
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3.123 

A car with mass 1275 kg drives at 60 km/h when the brakes are applied quickly to 
decrease its speed to 20 km/h. Assume the brake pads are 0.5 kg mass with heat 
capacity of 1.1 kJ/kg K and the brake discs/drums are 4.0 kg steel. Further assume 
both masses are heated uniformly. Find the temperature increase in the brake 
assembly. 

Solution: 

C.V. Car. Car loses kinetic energy and brake system gains internal u. 

No heat transfer (short time) and no work term, 
m = constant; 

12 2 

Energy Eq.3.5: E 2 - E 2 = 0 - 0 = m car 2 (V 2 - Vj) + m brake (u 2 - uj) 

The brake system mass is two different kinds so split it, also use C v from 
Table A. 3 since we do not have a u table for steel or brake pad material. 


m steel C v AT + m pad C v AT 

kJ 

(4x0.46 + 0.5 x 1.1)— AT 


=> 


2 


i2' 


= m car 0.5 (60 - 20 ) 


rioom 2 

3600j 


m 2 /s 2 


= 1275 kg x 0.5 x (3200 x 0.077 16) m 2 /s 2 


= 157 406 J= 157.4 kJ 
AT = 65.9 °C 
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3.124 

A piston cylinder (0.5 kg steel altogether) maintaining a constant pressure has 0.2 

kg R-134a as saturated vapor at 150 kPa. It is heated to 40°C and the steel is at the 
same temperature as the R-134a at any time. Find the work and heat transfer for 
the process. 


C.V. The R-134a plus the steel. Constant total mass 

m 2 = m i = m ; 


u 2 - Uj - m R13 4 a (u 2 - U j ) R j 34a + m steel( u 2 “ u l) “ 1 Q 2 “ 1 W 2 


State 1: B. 5. 2 sat. vapor Vj = 0.13139 m 3 /kg, u 1 = 368.06 kJ/kg 
State 2: B. 5. 2 sup. vapor v 2 = 0.16592 m 3 /kg, u 2 = 411.59 kJ/kg 
Vj = mvj = 0.2 x 0.13139 = 0.02628 m 3 


V 2 = mv 2 = 0.2 x 0.16592 = 0.03318 



Steel: A.3, C steel = 0.46 kJ/kg-K 

Process: P = C for the R134a and constant volume for the steel => 

: W 2 = IP dV = Pj(V 2 - Vi) = 150 kPa x (0.03318 - 0.02628) m 3 

= 1.035 kj 


tQ 2 = m R134a ( u 2 ~ u l) + m steel ( u 2 “ u l) + 1 W 2 

= m R134a ( u 2 - u l) + m steel C steel ( T 2 “ T l) + 1 W 2 

= 0.2 X (411.59 - 368.06) + 0.5 x 0.46 x [40 - (-17.29)] + 1.035 
= 8.706 + 13.177 + 1.035 = 22.92 kj 
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3.125 

A 25 kg steel tank initially at -10°C is filled up with 100 kg of milk (assume 

properties as water) at 30°C. The milk and the steel come to a uniform 

temperature of +5 °C in a storage room. How much heat transfer is needed for this 
process? 

Solution: 

C.V. Steel + Milk. This is a control mass. 

Energy Eq.3.5: U 2 - U 2 = iQ 2 - iW 2 = iQ 2 
Process: V = constant, so there is no work 

lW 2 = 0. 


Use Eq.3.33 and values from A. 3 and A.4 to evaluate changes in u 



lQ 2 — m stee , (u 2 - u | ) s t ee | + m m ilk(u 2 u l)milk 


= 25 kg x 


0.46 


kJ 

kg K 


x [5 


= 172.5- 10450 


-(-10)]K+ 100 kg x4. 1 8 x (5 - 30) K 

= -10277 kJ 
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3.126 

An engine consists of a 100 kg cast iron block with a 20 kg aluminum head, 20 kg 

steel parts, 5 kg engine oil and 6 kg glycerine (antifreeze). Everything begins at 5° 
C and as the engine starts we want to know how hot it becomes if it absorbs a net 
of 7000 kJ before it reaches a steady uniform temperature. 

Energy Eq.: U 2 - U 1= : Q 2 - {W 2 

Process: The steel does not change volume and the change for the liquid is 
minimal, so jW 2 = 0. 

So sum over the various parts of the left hand side in the energy equation 

m Fe (u 2 - u 2 ) + m A j (u 2 - uj) A1 + m st (u - u^ 

+ m oil ( u 2 - u l)oil + m gly ( u 2 - u l)gly = 1 Q 2 

Table A.3 : C Fe = 0.42 , C A1 = 0.9, C st = 0.46 all units of kJ/kg K 

Table A.4 : C oil = 1.9 , C g i y = 2.42 all units of kJ/kg K 

So now we factor out T 2 -Tj as u 2 - uj = C(T 2 -Tj) for each term 


[ m Fe C Fe + m^C^ + m st C st + ni 0 jjC 0 jj + m glyCgiy ] (T 2 Tj) — ^Q 2 
t 2 -Ti = 1Q2 / Q 

7000 kJ_ 

“ lOOx 0.42 + 20x 0.9 + 20x 0.46 + 5 xl.9 + 6 x2.42 kJ/K 

7000 

_ 93.22 K_ 75 K 
T 2 = T : + 75°C = 5 + 75 = 80°C 



Air intake filter Fan Radiator 

Atm. 
air 



a cX 


LoJ 
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Properties (u, h, C v and Cp), Ideal Gas 
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3.127 

An ideal gas is heated from 500 to 1500 K. Find the change in enthalpy using 
constant specific heat from Table A. 5 (room temperature value) and discuss the 
accuracy of the result if the gas is 

a. Argon b. Oxygen c. Carbon dioxide 

Solution: 

Tj = 500 K, T 2 = 1500 K, Ah = CpoC^-Tj) 

a) Ar : Ah = 0.520 kJ/kg-K x (1500-500) K = 520 kJ/kg 

Monatomic inert gas very good approximation. 

b) 0 2 : Ah = 0.922 kJ/kg-K x (1500-500) K = 922 kJ/kg 

Diatomic gas approximation is OK with some error. 


c) C0 2 : Ah = 0.842 kJ/kg-K x (1500-500) K = 842 kJ/kg 

Polyatomic gas heat capacity changes, see figure 3.26 
See also appendix C for more explanation. 
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3.128 


Use the ideal gas air table A. 7 to evaluate the heat capacity C p at 300 K as a slope 
of the curve h(T) by Ah/ AT. How much larger is it at 1000 K and 1500 K. 
Solution : 


From Eq.3.39: 


dh Ah h 32 Q-h 29 o 

C P - dT - AT - 320-290 - 1005 kJ/kg K 


innoK r _Ah_ h 1050 - h 950 _ 
ruuu ^ w p - AT - 1Q50 _ 95Q - 

, K r _Ah_ h 1550 -hl450 
rouu ^ - AT - 1550 _ 1450 


1103.48 - 989.44 


100 

1696.45 - 1575.4 
100 


= 1.140 kj/kg K 


= 1.21 kj/kg K 


Notice an increase of 14%, 21% respectively. 
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3.129 

Estimate the constant specific heats for R-134a from Table B.5.2 at 100 kPa and 
125°C. Compare this to table A. 5 and explain the difference. 

Solution: 

Using values at 100 kPa for h and u at 120°C and 130°C 
from Table B5.2, the approximate specific heats at 125°C are 

Ah 521.98 - 511.95 

C P ~ AT _ 130- 120 - 1.003 kJ/kgK 

compared with 0.852 kJ/kg K for the ideal-gas value at 25°C 
from Table A. 5. 


Au 489.36-480.16 
Cy ~ AT - 130-120 


0.920 kJ/kg K 


compared with 0.771 kJ/kg K for the ideal-gas value at 25°C 
from Table A. 5. 


There are two reasons for the differences. First, R-134a is not exactly an ideal gas at 

the given state, 125°C and 100 kPa. Second and by far the biggest reason for the 
differences is that R-134a, chemically CF 3 CH 2 , is a polyatomic molecule with 

multiple vibrational mode contributions to the specific heats (see Appendix C), such 
that they are strongly dependent on temperature. Note that if we repeat the above 

approximation for C p in Table B.5.2 at 25°C, the resulting value is 0.851 kJ/kg K. 
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3.130 

We want to find the change in u for carbon dioxide between 600 K and 1200 K. 

a) Find it from a constant C vo from table A. 5 

b) Find it from a C vo evaluated from equation in A. 6 at the average T. 

c) Find it from the values of u listed in table A. 8 
Solution : 

a) Au = C vo AT = 0.653 kJ/kg-K x (1200 - 600) K = 391.8 kj/kg 

1 T 900 

b) T avg = 2 (1200 + 600) = 900, 0=^ = ^ = O.9 

C po = 0.45 + 1.67 x 0.9 - 1.27 x 0.9 2 + 0.39 x 0.9 3 = 1.2086 kJ/kg K 
C vo = C po - R = 1.2086 - 0.1889 = 1.0197 kj/kg K 
Au = 1.0197 x (1200 - 600) = 611.8 kj/kg 

c) Au = 996.64 - 392.72 = 603.92 kj/kg 
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3.131 

Nitrogen at 300 K, 3 MPa is heated to 500 K. Find the change in enthalpy using a) 
Table B.6, b) Table A. 8, and c) Table A. 5. 


B.6. 2 

h 2 - 

A. 8 

h 2 - 

A. 5 

h 2 - 


h l 

h l 

h l 


= 519.29 - 304.94 = 214.35 kJ/kg 
= 520.75 -311.67 = 209.08 kJ/kg 
= C po (T 2 - Tj) = 1.042 kJ/kg-K x (500 - 300) K 


= 208.4 kJ/kg 


Comment: The results are listed in order of accuracy (B.6. 2 best). 
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3.132 

We want to find the change in u for carbon dioxide between 50°C and 200°C at a 
pressure of 10 MPa. Find it using ideal gas and Table A. 5 and repeat using the B 
section table. 

Solution: 

Using the value of C vo for C0 2 from Table A. 5, 

Au = C vo AT = 0.653 kJ/kg-K x (200 - 50) K = 97.95 kj/kg 

Using values of u from Table B3.2 at 10 000 kPa, with linear 
interpolation between 40°C and 60°C for the 50°C value, 

Au = u 2 oo - u 50 = 437.6 - 230.9 = 206.7 kj/kg 


Note: Since the state 50°C, 10 000 kPa is in the dense-fluid supercritical region, a 
linear interpolation is quite inaccurate. The proper value for u at this state is 
found from the CATT software to be 245.1 instead of 230.9. This results is 

Au = u 2 oo - u 50 = 437.6 - 245.1 = 192.5 kj/kg 
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3.133 

We want to find the change in u for oxygen gas between 600 K and 1200 K. 

a) Find it from a constant C vo from table A. 5 

b) Find it from a C vo evaluated from equation in A. 6 at the average T. 

c) Find it from the values of u listed in table A. 8 
Solution: 

a) Au = C vo AT = 0.662 kJ/kg-K x (1200 - 600) K = 397.2 kj/kg 

1 T 900 

b ) T avg = 2 (1200 + 600) = 900 K, 0 = 1^ = 1000 = 0-9 

C po = 0.88 - 0.0001 x 0.9 + 0.54 x 0.9 2 - 0.33 x 0.9 3 = 1.0767 kJ/kgK 
C vo = C po - R = 1.0767 - 0.2598 = 0.8169 kJ/kg-K 
Au = 0.8169 x (1200 - 600) = 490.1 kj/kg 

c) Au = 889.72 - 404.46 = 485.3 kj/kg 
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For a special application we need to evaluate the change in enthalpy for carbon 

dioxide from 30°C to 1500°C at 100 kPa. Do this using constant specific heat 
from Table A. 5 and repeat using Table A. 8. Which is the more accurate one? 

Solution: 

Using constant specific heat: 

Ah = C po AT = 0.842 (1500 - 30) = 1237.7 kj/kg 
Using Table A. 8: 

3.15 

30°C = 303.15 K => h = 214.38 + ^-(257.9 -214.38) = 217.12 kJ/kg 
1500°C = 1773.15 K => 

h = 1882.43 + (2017.67 - 1882.43) = 1981.36 kJ/kg 

Ah = 1981.36 - 217.12 = 1764.2 kj/kg 

The result from A. 8 is best. For large AT or small AT at high T avg , constant 
specific heat is poor approximation or it must be evaluated at a higher T (A. 5 is at 
25°C). 
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Water at 150°C, 400 kPa, is brought to 1200°C in a constant pressure process. 
Find the change in the specific internal energy, using a) the steam tables, b) the 
ideal gas water table A. 8, and c) the specific heat from A. 5. 

Solution: 

a) 

State 1: Table B.1.3 Superheated vapor uj = 2564.48 kJ/kg 
State 2: Table B.1.3 U 2 = 4467.23 kJ/kg 

u 2 - uj = 4467.23 - 2564.48 = 1902.75 kJ/kg 

b) 

Table A.8 at 423.15 K: Uj = 591.41 kJ/kg 

Table A.8 at 1473.15 K: u 2 = 2474.25 kJ/kg 

u 2 - uj = 2474.25 - 591.41 = 1882.8 kJ/kg 

c) Table A.5 : C vo = 1.41 kJ/kgK 

u 2 - uj = 1.41 kJ/kgK x (1200 - 150) K = 1480.5 kJ/kg 

Notice how the average 
slope from 150°C to 1200 
°C is higher than the one at 
25 °C ( = C vo ) 


25 150 1200 
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Repeat the previous problem but use a constant specific heat at the average 
temperature from equation in Table A. 6 and also integrate the equation in Table 
A. 6 to get the change in enthalpy. 

T ave = 2 (30 + 1500) + 273.15 = 1038.15 K; 0 = T/1000 = 1.0382 
Table A.6 => C po =1.2513 kJ/kg-K 

Ah = C po ave AT = 1.2513 kJ/kg-K x 1470 K = 1839 kj/kg 

For the entry to Table A.6: 

30°C = 303.15 K => 0j = 0.30315 

1500°C = 1773.15 K => 0 2 = 1.77315 
Ah = h 2 - hj = I C po dT 

= [O.45 (0 2 -O 1 ) + 1.67x|(0 2 2 -O 1 2 ) 

-1.27 x | (0 2 3 - Oj 3 ) + 0.39x \ (0 2 4 - of)] 

= 1762.8 kj/kg 
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Water at 20°C, 100 kPa, is brought to 200 kPa, 1500°C. Find the change in the 
specific internal energy, using the water table and the ideal gas water table in 
combination. 

Solution: 

State 1: Table B. 1.1 u 1 = u f = 83.95 kJ/kg 
State 2: Highest T in Table B.1.3 is 1300°C 
Using a Au from the ideal gas tables, A. 8, we get 

u 1500 = 3139 kJ/kg u i3oo = 2690.72 kJ/kg 

u 1500 ■ u 1300 = 448.26 kJ/kg 

We now add the ideal gas change at low P to the steam tables, B.1.3, u x = 
4683.23 kJ/kg as the reference. 

u 2 - uj = (u 2 - u x ) ID G + (u x - u : ) 

= 448.28 + 4683.23 - 83.95 = 5048 kJ/kg 
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Reconsider Problem 3.134 and examine if also using Table B.3 would be more 
accurate and explain. 


Table B.3 does include non-ideal gas effects, however at 100 kPa these effects are 
extremely small so the answer from Table A. 8 is accurate. 


Table B.3. does not cover the 100 kPa superheated vapor states as the saturation 
pressure is below the triple point pressure. Secondly Table B.3 does not go up to the 
high temperatures covered by Table A. 8 and A. 9 at which states you do have ideal 
gas behavior. Table B.3 covers the region of states where the carbon dioxide is 
close to the two-phase region and above the critical point (dense fluid) which are all 
states where you cannot assume ideal gas. 
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Air is heated from 300 to 350 K at V = C. Find !q 2 . What if from 1300 to 1350 
K? 

Process: V = C -> {W 2 = 0 

Energy Eq.: u 2 -u 1 = 1 q 2 -0^ iq2 = u 2 - U 1 

Read the u-values from Table A. 7.1 

a) jq 2 = u 2 - uj = 250.32 - 214.36 = 36.0 kj/kg 

b) iq2 = u 2 - Ul = 1067.94 - 1022.75 = 45.2 kj/kg 

case a) C v « 36/50 = 0.72 kj/kg K , see A. 5 
case b) C v * 45.2/50 = 0.904 kj/kg K (25 % higher) 
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A rigid container has 2 kg of carbon dioxide gas at 100 kPa, 1200 K that is heated 
to 1400 K. Solve for the heat transfer using a. the heat capacity from Table A. 5 
and b. properties from Table A. 8 

Solution: 

C.V. Carbon dioxide, which is a control mass. 

Energy Eq.3.5: U 2 - Uj = m (u 2 - Uj) = ^ 2 - jW 2 

Process: AV = 0 => ^W 2 = 0 

a) For constant heat capacity we have: u 2 - Uj = C vo (T 2 - T|) so 

jQ 2 = mC V0 (T 2 - T x ) = 2 kg x 0.653 kJ/kg-K x (1400 -1200) K = 261.2 kj 

b) Taking the u values from Table A.8 we get 

: Q 2 = m (u 2 - Ul ) = 2 kg x (1218.38 - 996.64) kJ/kg = 443.5 kj 
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Do the previous problem for nitrogen, N 2 , gas. 

A rigid container has 2 kg of carbon dioxide gas at 100 kPa, 1200 K that is heated 
to 1400 K. Solve for the heat transfer using a. the heat capacity from Table A. 5 
and b. properties from Table A. 8 

Solution: 

C.V. Nitrogen gas, which is a control mass. 

Energy Eq.3.5: U 2 - = m (u 2 - uj) = ^Q 2 - ^W 2 

Process: AV = 0 => ] W 2 = 0 

a) For constant heat capacity we have: u 2 - uj = C vo (T 2 - Tj) so 

jQ 2 = mC V0 (T 2 - T,) = 2 kg x 0.745 kJ/kg-K x (1400 - 1200) K = 298 kj 

b) Taking the u values from Table A.8, we get 

lQ 2 = m (u 2 - uj) = 2 kg x (1141.35 - 957) kJ/kg = 368.7 kj 
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Air, 3 kg, is in a piston/cylinder similar to Fig. P.3.5 at 27°C, 300 kPa. It is now 
heated to 500 K. Plot the process path in a P-v diagram, and find the work and 
heat transfer in the process. 


Solution: 

CV Air, so this is a control mass. 

Energy Eq.3.5: U 2 - Ui = m (u 2 - u^) = ^Q 2 - iW 2 


Process: 
State 1: 


State 2: T 2 , 


P = C so {W 2 = JPdV = Pj(V 2 - Vj) 


Tj, Pj ideal gas so P^Vj = mRTj 

V : = mR Tj / Pj = 3 kg x 0.287 kJ/kg-K x 300.15 K / 300 kPa 


= 0.86143 m 3 

P 2 = Pj and ideal gas so P 2 V 2 = mRT 2 

V 2 = mR T 2 / P 2 = 3 x 0.287 x 500/300 = 1 .435 m 3 


From the process 

,W 0 = / PdV = P (V 2 - Vi) = 300 kPa( 1.435 - 0.86143) m 3 = 172.1 kj 

From the energy equation 

1Q2 = m (u 2 - Uj) + jW 2 = mC V0 (T 2 - Tj) + { W 2 


= 3 kg x 0.717 kJ/kg-K x (500 - 300) K + 172.1 kJ 

= 602.3 kj 
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A closed rigid container is filled with 1.5 kg water at 100 kPa, 55°C, 1 kg of 

stainless steel and 0.5 kg of PVC (polyvinyl chloride) both at 20°C and 0.1 kg of 
air at 400 K, 100 kPa. It is now left alone with no external heat transfer and no 
water vaporizes. Find the final temperature and air pressure. 

CV. Container. 

Process: V = constant => ] W 2 = 0 and also given = 0 

Energy Eq.: U 2 - U : = ^mj(u 2 - = ,Q 2 - ,W 2 = 0 

For the liquid and the metal masses we will use the specific heats (Tbl A.3, A.4) 
so 

X m i( u 2 - u l)i = 2>i C v i ( T 2 - T l)i = T 2 Z m i C v i - Z m i C v i T l i 
noticing that all masses have the same T 2 but not same initial T. 

Jjn i C vi = 1.5 x 4.18 + 1 x 0.46 + 0.5 x 0.96 + 0.1 x 0.717 = 7.282 kJ/K 

The T for air must be converted to °C like the others. 

Energy Eq.: T 2 ^mA i = Z m A i T l i 

7.282 T 2 = 1.5 x 4.18 x 55 + (1 x 0.46 + 0.5 x 0.96) x 20 

+ 0.1 x 0.717 x (400-273.15) = 372.745 kJ 
T 2 = 51.2°C 

The volume of the air is constant so from PV = mRT it follows that P varies with T 
P 2 = P : T 2 /T, air = 100 kPa x 324.34 YJ 400 K = 81 kPa 
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A 250 L rigid tank contains methane at 500 K, 1500 kPa. It is now cooled down 
to 300 K. Find the mass of methane and the heat transfer using ideal gas. 

Solution: 

C.V. Methane gas, which is a control mass. 

Energy Eq.3.5: U 2 - Uj = m (u 2 - Uj) = iQ 2 - ,W 2 

Process: AV = 0 => ^W 2 = 0 

State 1: Ideal gas so 

1500x0.25 kPam 3 

m - PiV/RTi - Q 51g3 x 500 (kJ/kg . K) x K - 1447 k § 

For constant heat capacity A. 5, we have: u 2 - uj = C vo (T 2 - Tj) so 

u 2 - uj = C v (T 2 - Tj) = 1.736 kJ/kg-K x (300 - 500) K = -347.2 kJ/kg 
: Q 2 = m(u 2 - u : ) = 1.447 kg (-347.2) kJ/kg = -502.4 kj 
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A 10-m high cylinder, cross-sectional area 0.1 has a massless piston at the 
bottom with water at 20°C on top of it, shown in Fig. P3.145. Air at 300 K, volume 

0.3 m , under the piston is heated so that the piston moves up, spilling the water out 
over the side. Find the total heat transfer to the air when all the water has been 
pushed out. 

Solution: 

P 0 




The water on top is compressed liquid and has volume and mass 
tot 


Vh 2 o = V, ot - V air = 10 x 0. 1 - 0.3 = 0.7 m 3 


m H^o = VH 2 c/ v f = 0.7 m 3 / 0.001002 m 3 /kg = 698.6 kg 
The initial air pressure is then 

698.6 x 9.807 

Pi = P 0 + m H2 Qg/A = 101 .325 + Q 1 .. = 169.84 kPa 


x 1000 


and then m 


169.84x0.3 kPam 3 
air _ PV/RT - 0.287 x 300 (kJ/kg-K) xK” °' 592 kg 


State 2: No liquid over piston: P 2 = P 0 = 101.325 kPa, V 2 = 10x0.1 = 1 m 3 

TiP 2 V 2 300x101.325x1 

State 2: P 2 , V 2 => T 2 - - 16 9. 84x0 .3 - 596.59 K 

The process line shows the work as an area 

jW 2 = / PdV = ^Pj + P 2 )(V 2 - Vj) = |(169.84 + 101.325)(1 - 0.3) = 94.91 kJ 

The energy equation solved for the heat transfer becomes 
lQ 2 = m (u 2 - uj) + : W 2 = mC v (T 2 - T 2 ) + ,W 2 

= 0.592 kg x 0.717 kJ/kg-K x (596.59 - 300) K + 94.91 kJ = 220.7 kJ 
Remark: we could have used u values from Table A.7: 

u 2 - Ul = 432.5 - 214.36 = 218.14 kJ/kg versus 212.5 kJ/kg with C v . 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 



Borgnakke and Sonntag 


3.146 

A cylinder with a piston restrained by a linear spring contains 2 kg of carbon 
dioxide at 500 kPa, 400°C. It is cooled to 40°C, at which point the pressure is 300 
kPa. Calculate the heat transfer for the process. 

Solution: 

C.V. The carbon dioxide, which is a control mass. 

Continuity Eq.: m 2 - irq = 0 

Energy Eq.: m (u 2 - Uj) = : Q 2 - jW 2 

Process Eq.: P = A + BV (linear spring) 

1 W 2 = /PdV = |(P 1 +P 2 )(V 2 -V 1 ) 

Equation of state: PV = mRT (ideal gas) 

State 1: Vj = hiRT^ = 2 x 0.18892 x 673.15 /500 = 0.5087 m 3 

State 2: V 2 = mRT 2 /P 2 = 2 x 0.18892 x 313.15 /300 = 0.3944 m 3 

: W 2 = |(500 + 300)(0.3944 - 0.5087) = -45.72 kJ 
To evaluate u 2 - U] we will use the specific heat at the average temperature. 
From Figure 3.26: Cp 0 (T avg ) ~ 5.4 R = 1.02 =^> C vo = 0.83 = C po - R 
For comparison the value from Table A.5 at 300 K is C vo = 0.653 kJ/kg K 
lQ 2 = m(u 2 - Uj) + jW 2 - mC vo (T 2 - Tj) + { W 2 
= 2 x 0.83(40 - 400) - 45.72 = -643.3 kJ 



Remark: We could also have used the ideal gas table in A. 8 to get u 2 - Uj. 
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Water at 100 kPa, 400 K is heated electrically adding 700 kJ/kg in a constant 
pressure process. Find the final temperature using 

a) The water tables B.l b) The ideal gas tables A. 8 

c) Constant specific heat from A. 5 

Solution : 

Energy Eq.3.5: u 2 - Uj = : q 2 - : w 2 

Process: P = constant => ] w 2 = P ( v 2 - vj ) 

Substitute this into the energy equation to get 

iq 2 = h 2 - fq 

Table B.l: 

tq = 2675.46 + 9 fff x (2776.38 -2675.46) = 2730.0 kJ/kg 

h 2 = lq + : q 2 = 2730 + 700 = 3430 kJ/kg 

3430 - 3278 1 1 

T 2 = 400 + ( 500 - 400 ) x 3488 , 09 _ 3278 , n = 472.3°C 
Table A. 8: 

h 2 = lq + : q 2 = 742.4 + 700 = 1442.4 kJ/kg 

1442 4 - 56 

T 2 = 700 + (750 - 700 ) X 1443 43 . 1338 56 = 749.5 K = 476.3°C 
Table A. 5 

h 2 - h 1 =C po (T 2 -T 1 ) 

T 2 = T : + iq2 / C po = 400 + 700 / 1.872 = 773.9K = 500.8°C 
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A constant pressure container is filled with 1.5 kg water at 100 kPa, 55°C, 1 kg of 

stainless steel and 0.5 kg of PVC (polyvinyl chloride) both at 20°C and 0.1 kg of 
air at 400 K, 100 kPa. It is now left alone with no external heat transfer and no 
water vaporizes. Find the final temperature and process work. 

Energy Eq.: U 2 - U : = ^mj(u 2 - u^j = iQ 2 - iW 2 = 0 

Process: P = constant => 1 W 2 = P(V 2 -V 1 ) and given iQ 2 = 0 

For the liquid and the metal masses we will use the specific heats (Tbl A. 3, A.4) 
so 

X m i( u 2 - u l)i = Z m i C v i ( T 2 - T l)i = T 2Z m i C v i - Z m i C v i T l i 
noticing that all masses have the same T 2 but not same initial T. Since it is only 

the air that changes volume then the work term and internal energy change for air 
combines to give changes in enthalpy as 

m air ( u 2 - u l) + iW 2 = m air (h 2 - hi) = m air C p (T 2 -T,) 

£ mi C vi = 1.5 x 4.18 + 1 x 0.46 + 0.5 x 0.96 + 0.1 x 1.004 = 7.3104 kJ/K 

Energy Eq.: 7.3104 T 2 = 1.5 x 4.18 x 55 + (1 x 0.46 + 0.5 x 0.96) x 20 

+ 0.1 x 1.004 x (400 - 273.15) = 376.386 kJ 

T 2 = 51.48°C 

Vj = mRiyP! = 0.1 kg x0.287 kJ/kgK x400 K /100 kPa = 0.1 148 m3 
V 2 = V : x T 2 /T lair = 0. 1 148 324.63 / 400 = 0.093 17 m 3 

,W 2 = P(V 2 - Vj) = 100 kPa (0.09317 - 0.1148) m 3 = -2.16 kJ 
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A spring loaded piston/cylinder contains 1.5 kg of air at 27C and 160 kPa. It is 
now heated to 900 K in a process where the pressure is linear in volume to a final 
volume of twice the initial volume. Plot the process in a P-v diagram and find the 
work and heat transfer. 

Take CV as the air. 

m 2 = m : = m ; m(u 2 -u^ = : Q 2 - ,W 2 
Process: P = A + BV => jW 2 = 1 P dV = area = 0.5(Pj + P 2 )(V 2 -Vj) 

State 1: Ideal gas. Vj = mRTj/Pj = 1.5x 0.287 x 300/160 = 0.8072 m 3 
Table A.7 u : = u(300) = 214.36 kJ/kg 

State 2: P 2 V 2 = mRT 2 so ratio it to the initial state properties 
P 2 V 2 /P i V i = P 2 2 /P, = mRT 2 /mRT, = T 2 /T, => 

P 2 = P : (T 2 /T, )( 1/2) = 160 x (900/300) x (1/2) = 240 kPa 

Work is done while piston moves at linearly varying pressure, so we get 

,W 2 = 0.5(Pj + P 2 )(V 2 -Vi) = 0.5x(160 + 240) kPa x 0.8072 m 3 = 161.4 kj 

Heat transfer is found from energy equation 

jQ 2 = m(u 2 - Uj) + : W 2 = 1.5x(674.824 - 214.36) + 161.4 = 852.1 kj 
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A constant pressure piston cylinder contains 0.5 kg air at 300 K, 400 kPa. Assume 
the piston cylinder has a total mass of 1 kg steel and is at the same temperature as 
the air at any time. The system is now heated to 1600 K by heat transfer. 

(a) Find the heat transfer using constant specific heats for air. 

(b) Find the heat transfer NOT using constant specific heats for air. 

C.V. Air and Steel. 

Energy Eq.: \J 2 -XJ l = m air (u 2 - u 2 ) + m st (u 2 - u : ) = : Q 2 - ,W 2 

2 

Process: P = C => jW 2 = / PdV = P (V 2 - Vj) = P m air (v 2 - v 2 ) 

1 

lQ2 = m air( u 2 " u l)air + m st(u 2 - u l)st + 1 W 2 = m air( h 2 " h l)air + m st(u 2 “ Uj) st 


Use A. 3: (u 2 - uj) st = C (T 2 - Tj) = 0.46 kJ/kgK x (1600 - 300) K = 598 kJ/kg 

Use A. 5: (h 2 - h x ) ak = C p (T 2 - Tj) = 1.004 kJ/kgK x (1600 - 300) K = 1305.2 kJ/kg 

lQ2 = m air( h 2 - h l)air + m st(u 2 “ u l)st 

= 0.5 kg X 1305 kJ/kg + 1 kg x 598 kJ/kg = 1250.6 kj 
Use air tables A.7: (h 2 - h^ = 1757.33 - 300.47 = 1456.86 kJ/kg 

lQ2 = m air( h 2 - h l)air + m st(u 2 “ u l)st 

= 0.5 kg x 1456.86 kJ/kg + 1 kg x 598 kJ/kg = 1326.43 kj 

Comment: we could also have computed the work explicitly 

l w 2 = P m air (v 2 - Vl ) = m air R(T 2 - Tj) 

= 0.5 kg x 0.287 kJ/kgK x (1600 - 300) K = 186.55 kj 
(u 2 - u^aij = 1298.08 - 214.36 = 1083.72 kJ/kg 

1 Q 2 = m air( u 2 " + m st( u 2 “ u l)st + 1 W 2 

= 0.5 x 1083.72 + 598 + 186.55 = 1139.86 + 186.55 = 1326.4 kj 
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■J 

An insulated cylinder is divided into two parts of 1 m each by an initially locked 
piston, as shown in Fig. P3.151. Side A has air at 200 kPa, 300 K, and side B has 
air at 1.0 MPa, 1000 K. The piston is now unlocked so it is free to move, and it 
conducts heat so the air comes to a uniform temperature 7^ = 7g. Find the mass 

in both A and B, and the final T and P. 

C.V. A + B Force balance on piston: P a A -P b A 

So the final state in A and B is the same. 

State 1A: Table A.7 u A ^ = 214.364 kJ/kg, 

m A = P A iV A1 /RT A1 = 200 kPa x 1 m 3 /(0.287 kJ/kg-K x 300 K) = 2.323 kg 
State IB: Table A.7 u B1 = 759.189 kJ/kg, 

m B = P B 1 V B1 /RT B1 = 1000 kPa x 1 m 3 /(0.287 kJ/kg-K x 1000 K) = 3.484 kg 
For chosen C.V. 1 Q 2 = 0 , }W 2 = 0 so the energy equation becomes 

m A( u 2 - u i)a + m B( u 2 - u i)b = 0 
(m A + m B )u 2 = m A u A1 + m B u B1 

= 2.323 x 214.364 + 3.484 x 759.189 = 3143 kJ 
u 2 = 3143 kJ / (3.484 + 2.323) kg = 541.24 kJ/kg 

From interpolation in Table A.7: => T 2 = 736 K 

kJ * 

P = (m A + m B )RT 2 /V tot = 5.807 kg x 0.287 ^ x 736 K/ 2 m 3 = 613 kPa 

I , T =r 
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3.152 

Air in a piston cylinder is at 1800 K, 7 MPa and expands in a polytropic process 
with n = 1.5 to a volume 8 times larger. Find the specific work and the specific 
heat transfer in the process and draw the P-v diagram. Use constant specific heat 
to solve the problem. 


C.V. Air of constant mass m 2 = lrq = m. 
Energy Eq.3.5: m(u 2 - uj) = ^ - jW 2 


Process: 
State 1: 
State 2: 


Pv 1 ' 50 = constant, v 2 /V] = 8 

P : = 7 MPa, Tj = 1800 K 

(v 2 = 8vj, ?) Must be on process curve so 

P 2 = p : ( Vl /v 2 ) n = 7000 (1/8) 1 ' 50 = 309.36 kPa 
P 2 V 2 


To =T 


= Ti(vi/v 2 ) n ‘ 1 = 1800 (1/8) 0 ' 5 = 636.4 K 


2 “ 11 P 1 vi 

Work from the process expressed in Eq.3.21 

P 2 v 2 - PiV, R 0.287(636.4- 1800) 

i w 2 = j pdv = j_ n =yt7( t 2-ti)= nm 

= 667.9 kj/kg 

Heat transfer from the energy equation 

jq 2 = (u 2 - uj) + iW 2 = 0.717 (636.4 - 1800) + 667.9 = -166.4 kj/kg 



Notice: 

n= 1.5, k = 1.4 
n > k 
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Do the previous problem but do not use constant specific heats. 

Air in a piston cylinder is at 1800 K, 7 MPa and expands in a polytropic process 
with n = 1.5 to a volume 8 times larger. Find the specific work and the specific 
heat transfer in the process and draw the P-v diagram. 


C.V. Air of constant mass m 2 = m 1 = m. 
Energy Eq.3.5: m(u 2 - Uj) = jQ 2 - {W 2 


Process: 
State 1: 
State 2: 


Pv L5 ° = constant, v 2 /V] = 8 

P : = 7 MPa, Tj = 1800 K 

(v 2 = 8v 1; ?) Must be on process curve so 

P 2 = p : ( Vl /v 2 ) n = 7000 (1/8) 1 ' 50 = 309.36 kPa 
P 2 V 2 


To =T 


= T^v^) 11 ' 1 = 1800 (1/8) 0 ' 5 = 636.4 K 


2 “ M PlVi 

Table A. 7: uj = 1486.33 kJ/kg and interpolate u 2 = 463.06 kJ/kg 

Work from the process expressed in Eq.3.21 

IV, - f’|V, R 0.287(636.4- 1800) 

,w 2 = J Pdv= j_ n =YT^(T 2 -Tl)= 1 -1.5 

= 667.9 kJ/kg 

Heat transfer from the energy equation 

jq 2 = (u 2 - u | ) + |W 2 = (463.06 - 1486.33) + 667.9 = -355.4 kJ/kg 



Notice: 

n = 1.5, k = 1.4 
n > k 
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Helium gas expands from 125 kPa, 350 K and 0.25 m to 100 kPa in a polytropic 
process with n = 1.667. How much heat transfer is involved? 


Solution: 

C.V. Helium gas, this is a control mass. 

Energy equation: m(u 2 - uj) = jQ 2 - jW 2 


Process equation: 
Ideal gas (A. 5): 


PV n = constant = PjVj = P 2 v” 

125 x 0.25 

m - PV/RT - ZQ771 x 35Q - 0.043 kg 


Solve for the volume at state 2 


1/n 


V 2 = V 1 (Pj/P 2 ) = 0.25 x 


6125' 

Vl00y 


0.6 


= 0.2852 m 3 


100x0.2852 

T 2 = T! P 2 V 2 /(P 1 V 1 ) = 350K 125xQ 25 = 319.4 K 


Work from Eq.3.21 



p 2 v 2 - Pi Vi 

1-n 


lOOx 0,2852 - 125x 0,25 
1 - 1.667 


kPa m 3 = 4.09 kJ 


Use specific heat from Table A. 5 to evaluate u 2 - u l9 C v =3.116 kJ/kg K 
lQ 2 = m(u 2 - uj) + jW 2 = m C v (T 2 - Tj) + jW 2 

= 0.043 kg x 3.116 kJ/kg-K x (319.4 - 350) K + 4.09 kJ = -0.01 kJ 
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3.155 

A piston cylinder contains 0.1 kg air at 300 K and 100 kPa. The air is now slowly 
compressed in an isothermal (T = C) process to a final pressure of 250 kPa. Show 
the process in a P-V diagram and find both the work and heat transfer in the 
process. 

Solution : 

Process: T = C & ideal gas => PV = mRT = constant 

The work was found as in Eq.3.22 

, f mRT V 2 P| 

,W 2 = I PdV = — ^dV = mRT In = mRT In p- 

= 0.1 kg x 0.287 kJ/kg-K x 300 K x In (100 / 250 ) = -7.89 kj 
since Tj=T 2 => u 2 = u^ 

The energy equation thus becomes 

lQ 2 = mx(u 2 -ui) + iW 2 = jW 2 = -7.89 kj 
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A gasoline engine has a piston/cylinder with 0.1 kg air at 4 MPa, 1527°C after 
combustion and this is expanded in a polytropic process with n = 1.5 to a volume 
10 times larger. Find the expansion work and heat transfer using Table A. 5 heat 
capacity. 


Take CV as the air. m 2 = mj = m ; 

Energy Eq.3.5 m(u 2 - Uj) = : Q 2 - : W 2 


Process Eq.: Pv 11 = Constant (polytropic) 

From the ideal gas law and the process equation we can get: 


State 2: P 2 = P : (v 2 / vj) ” = 4000 xlO L5 = 126.5 kPa 


T 2 = Ti (P 2 v 2 /P lVl ) = (1527 + 273) 


126.5 x 10 
4000 

mR 


= 569.3 K 


From process eq.: {W 2 = J P dV = ^ (P 2 v 2 - P^) = y^(T 2 - Tj) 

0.1 x 0.287 

= l l 5 (569.3 - 1800) = 70.64 kj 

From energy eq.: 1 Q 2 = m(u 2 - uj) + jW 2 = mC v (T 2 - Tj) + jW 2 


= 0.1 kg x 0.717 kJ/kg-K x (569.3 - 1800) K + 70.64 kJ 

= -17.6 kj 
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Solve the previous problem using Table A. 7 


Take CV as the air. m 2 = mj = m ; 

Energy Eq.3.5 m(u 2 - Uj) = : Q 2 - {W 2 


Process Eq.: Pv 11 = Constant (polytropic) 

From the ideal gas law and the process equation we can get: 


-n 


-1.5 


State 2: P2 = p l( v 2/ v l) =4000x10 ' = 126.5 kPa 

126.5 x 10 

T 2 = Tj ( P 2 v 2 / P : vj) = (1527 + 273) 4Q0Q = 569.3 K 


From process eq.: {W 2 = J P dV = ^ (P 2 v 2 - P^) = ^ (T 2 - T : ) 


mR 


0.1 x 0,287 
“ 1-1.5 


(569.3- 1800) = 70.64 kj 


From energy eq.: jQ 2 = m(u 2 - uj) + | W 2 

= 0.1 kg (41 1.78- 1486.33) kJ/kg + 70.64 kJ 

= -36.8 kj 


The only place where Table A. 7 comes in is for values of U] and u 2 
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Find the specific heat transfer in Problem 3.55. 

Air goes through a polytropic process from 125 kPa, 325 K to 300 kPa and 500 K. 
Find the polytropic exponent n and the specific work in the process. 


Solution: 

Energy Eq.: u 2 - Uj = { q 2 - jW 2 

Process: Pv 11 = Const = PjVj = P 2 v 2 

Ideal gas Pv = RT so 

RT 0.287 x 325 
Vl_ P “ 125 

RT 0.287 x 500 
v 2“ P - 300 


0.7462 m 3 /kg 
0.47833 m 3 /kg 


From the process equation 


n 


( p 2 /p l) = ( v l /v 2) => ln(P 2 / P]) = n ln(V]/ v 2 ) 

In 2 4 

n = ln(P 2 / P : ) / ln(vj/ v 2 ) = ^56 = 1,969 

The work is now from Eq.3.21 per unit mass and ideal gas law 

p 2 v 2- p l v l _ r ( t 2 - T l) 0.287(500 - 325) 

1-n _ 1-n _ 1-1.969 

= -51.8 kj/kg 

From the energy equation 


l w 2 = 


(kJ/kg-K) K 


i9 2 = u 2 - Uj + jw 2 = C v (T 2 - Tj) + jw 2 

= 0.717 kJ/kg-K (500 - 325) K - 51.5 kJ/kg 

= 73.98 kj/kg 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.159 

A piston/cylinder has nitrogen gas at 750 K and 1500 kPa. Now it is expanded in 
a polytropic process with n = 1.2 to P = 750 kPa. Find the final temperature, the 
specific work and specific heat transfer in the process. 

C.V. Nitrogen. This is a control mass going through a polytropic process. 
Continuty: m 2 = mj 

Energy Eq.3.5: m(u 2 -ui) = ,Q 2 - ,W 2 

Process: Pv 11 = constant 

Substance ideal gas: Pv = RT 

n-1 T2 

— ( 750 ? 

t 2 = Tj (P 2 /Pj) 11 = 750 (j5ooj = 750 x °- 8909 = 668 K 
The work is integrated as in Eq. 3. 21 

tw 2 = /Pdv = (P 2 v 2 - PjVj) = ^ (T 2 - Tj) 

0.2968 

= 1 _ l2 kJ/kg-K (668 - 750) K = 121.7 kj/kg 

The energy equation with values of u from Table A. 8 is 

tq 2 = u 2 - u\ + ]W 2 = 502.8 - 568.45 + 121.7 = 56.0 kj/kg 

If constant specific heat is used from Table A. 5 

jq 2 = C v (T 2 - Tj) + jw 2 = 0.745(668 - 750) + 12E7 = 60.6 kj/kg 


The actual process is 
on a steeper curve than 
n= 1. 
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3.160 


A piston/cylinder has 1 kg propane gas at 700 kPa, 40°C. The piston cross- 

sectional area is 0.5 m 7 , and the total external force restraining the piston is 
directly proportional to the cylinder volume squared. Heat is transferred to the 
propane until its temperature reaches 700°C. Determine the final pressure inside 
the cylinder, the work done by the propane, and the heat transfer during the 
process. 

Solution: 

C.V. The 1 kg of propane. 

Energy Eq.3.5: m(u 2 - u^ = - jW 2 

2 -2 

Process: P = P exl = CV => PV = constant, polytropic n = -2 

Ideal gas: PV = mRT, and process yields 

n 


p 2 = p l( T 2 /T l) n - 1 = 700 


700+273.15 


v 


2/3 


40+273.15 ) 

The work is integrated as Eq.3.21 


= 1490.7 kPa 


,W 2 = / PdV = 
1 


P^-PtVt mRCTz-Tj) 


1 -n 


lx 0.18855 x (700-40) 


1 -n 


= 41.48 kj 


1 - (- 2 ) 

The energy equation with specific heat from Table A. 5 becomes 
1 Q 2 = m(u 2 - Uj) + ] W 2 = mC v (T 2 - Tj) + jW 2 

= 1 kg x 1.490 kJ/kg-K x (700 - 40) K + 41.48 kJ 

= 1024.9 kj 
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A piston/cylinder arrangement of initial volume 0.025 contains saturated 
water vapor at 180°C. The steam now expands in a polytropic process with 
exponent n = 1 to a final pressure of 200 kPa, while it does work against the 
piston. Determine the heat transfer in this process. 

Solution: 

C.V. Water. This is a control mass. 

State 1: Table B. 1.1 P = 1002.2 kPa, Vj = 0.19405 m 3 /kg, u x = 2583.7 kJ/kg , 
m = V/Vj = 0.025/0.19405 = 0.129 kg 
Process: Pv = const. = PjVj = P 9 v 0 ; polytropic process n = 1. 

=> v 2 = VjPj^ = 0.19405 x 1002.1/200 = 0.9723 m 3 /kg 
State 2: P 2 , v 9 => Table B. 1.3 T 2 = 155°C , u 2 = 2585 kJ/kg 

c V 2 . 0.9723 

jW 2 = / PdV = PjVj In — = 1002.2 kPa x 0.025 m 3 In Q 194Q5 = 40.37 kJ 

: Q 2 = m(u 0 - Uj) + ,W 2 = 0.129(2585 - 2583.7) + 40.37 = 40.54 kJ 



Notice T drops, it is not an ideal gas. 
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A piston cylinder contains pure oxygen at ambient conditions 20°C, 100 kPa. The 
piston is moved to a volume that is 7 times smaller than the initial volume in a 
polytropic process with exponent n = 1.25. Use constant heat capacity to find the 
final pressure and temperature, the specific work and the specific heat transfer. 


Energy Eq.: u 2 -u l = x q 2 - iw 2 

n n 1.25 

Process Eq: Pv =C; P 2 = Pi (v^v 2 ) = 100 (7) = 1138.6kPa 

From the ideal gas law and state 2 (P, v) we get 

1138.6 

T 2 = Tj( P 2 /P 1 )(v i/v 2 ) = 293 x x (1/7) = 476.8 K 

n-1 

We could also combine process eq. and gas law to give: T 2 = Tj (v 1 /v 2 ) 

Polytropic work Eq. 3.21: jw 2 = j ^ (P 2 v 2 - P^) = (T 2 - Tj) 

0.2598 kJ 

jw 2 = YTT25 kgK x (476 ‘ 8 “ 293 ' 2) K = 190 - 88 k J/kg 
192 = u 2 - u : + !W 2 = C v (T 2 - Tj) + iW 2 

= 0.662 (476.8 - 293.2) - 190.88 = -69.3 kj/kg 


The actual process is 
on a steeper curve than 


n= 1. 
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A piston/cylinder in a car contains 0.2 L of air at 90 kPa, 20°C, shown in Fig. 
P3.163. The air is compressed in a quasi-equilibrium polytropic process with 
polytropic exponent n = 1.25 to a final volume six times smaller. Determine the 
final pressure, temperature, and the heat transfer for the process. 

Solution: 

C.V. Air. This is a control mass going through a polytropic process. 
Continuty: m 2 = mj 

Energy Eq.3.5: m(u 2 -Ui)= ,Q 2 - ,W 2 

Process: Pv 11 = const. 

P lVl n = P 2 v 2 n => P 2 = P 1 (v 1 /v 2 ) n = 90 kPa x 6 1 ' 25 = 845.15 kPa 
Substance ideal gas: Pv = RT 

T 2 = TjCP^/PjVi) = 293.15 K (845.15/90 x 6) = 458.8 K 



PV 90 x 0.2xl0" 3 a 

m _ RT _ 0.287 x 293.15 _2 ' 14x10 kg 

The work is integrated as in Eq.3.21 

jw 2 = /Pdv = y^y (P 2 v 2 - P lVl ) = y^y (T 2 - Tj) 

= | Q,2 | 8 ^ 5 kJ/kg-K (458.8 - 293.15) K = -190.17 kJ/kg 

The energy equation with values of u from Table A.7 is 

jq 2 = u 2 - uj + | w 2 = 329.4 - 208.03 - 190.17 = -68.8 kJ/kg 

lQ 2 = m iq 2 = -0.0147 kj (i.e a heat loss) 
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An air pistol contains compressed air in a small cylinder, shown in Fig. P3.164. 

Assume that the volume is 1 cm3, pressure is 1 MPa, and the temperature is 27°C 
when armed. A bullet, m = 15 g, acts as a piston initially held by a pin (trigger); 
when released, the air expands in an isothermal process (T = constant). If the air 
pressure is 0. 1 MPa in the cylinder as the bullet leaves the gun, find 

a. The final volume and the mass of air. 

b. The work done by the air and work done on the atmosphere. 

c. The work to the bullet and the bullet exit velocity. 

Solution: 

C.V. Air. 

Air ideal gas: m air = PjVj/RTj = 1000 x 10' 6 /(0.287 x 300) = 1.17xl0' 5 kg 
Process: PV = const = P 1 V 1 = P 2 V 2 => V 2 = V ] P]/P 2 = 10 cm 3 
, fPlVi 

jW 2 = / PdV = — dV = P, V, In (V 2 /V,) = 2.303 J 

l w 2,ATM = p o( v 2 - v l) = 101 x (10 - 1) x 10' 6 kJ = 0.909 J 

1 2 

Wbullet = iW 2 - iW 2 atm _ 1-394 J - 2 m bullet(^exit)"’ 

V ex it = (2W bullet /m B ) 1/2 = (2 x 1.394/0.0 15) 1/2 = 13.63 m/s 
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3.165 

Air goes through a polytropic process with n = 1.3 in a piston/cylinder setup. It 
starts at 200 kPa, 300 K and ends with a pressure of 2200 kPa. Find the expansion 
ratio (v 2 /V]), the specific work, and the specific heat transfer. 


Take CV as the air. m 2 = mj = m; 

Energy Eq.3.5 m(u 2 - Uj) = : Q 2 - {W 2 


Process Eq.: Pv 11 = Constant (polytropic) 

From the ideal gas law and the process equation we can get: 

-1/n 1 - n 

State 2: (v 2 /V|) = (P 2 /P|) and Pv = RT => T 2 /T 1 = (v 2 / Vj) 

(v 2 / Vl ) = (P 2 /Pi) 1/n = (2200 / 200) " 1/1-3 = 0.1581 


(n-l)/n 

T 2 = T, (P 2 /P,) 



2200 x0-3/1.3 
200 ' 


= 521.7 K 


From process eq.: 

jw 2 = J P dv = area = ^ (P 2 v 2 - P^) = ^ (T 2 - Tj) 

= j^kJ/kg-R x (521.7 - 300) K = -212.09 kj/kg 

From the energy equation and constant specific heat from Table A. 5 
iq 2 = u 2 -ui + 1 w 2 = C v (T 2 -T 1 ) + : w 2 

= 0.717 kJ/kg-K x (521.7 - 300) K - 212.09 kJ/kg = -53.13 kj/kg 
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3.166 

Nitrogen gas goes through a polytropic process with n = 1.3 in a piston/cylinder 
arrangement. It starts out at 600 K and 600 kPa and ends with 800 K. Find the 
final pressure, the process specific work and heat transfer. 


Take CV as the nitrogen. m 2 = m l = m; 
Energy Eq.3.5 m(u 2 - Uj) = : Q 2 - {W 2 


Process Eq.: Pv 11 = Constant (polytropic) 

From the ideal gas law and the process equation we can get: 

State 2: P2 = Pl( v 2/ v l) and Pv = RT => T 2 /Tj = (v 2 / Vj) 

, N.n/(n-l) .800x1-3/0.3 

P 2 = P, ( T 2 / T,) = 600 (™) = 2087 kPa 


1 -n 


From process eq.: 

iW 2 = J P dv = area = y^y (P 2 v 2 - P^) = y^y (T 2 - Tj) 

0.2968 

= (800 - 600) = -197.9 kj/kg 

From the energy equation and Table A. 8 

192 = u 2 - u i + 1 W 2 = (609.41 - 449.16 - 197.9) kJ/kg = -37.65 kj/kg 
From the energy equation and constant specific heat from Table A. 5 
192 = u 2 " U 1 + l w 2 = C v O2 - Tj) + jW 2 

= 0.745 kJ/kg-K x (800 - 600) K - 197.9 kj/kg = -48.9 kj/kg 
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A piston/cylinder contains pure oxygen at 500 K, 600 kPa. The piston is moved to 
a volume such that the final temperature is 700 K in a polytropic process with 
exponent n = 1.25. Use ideal gas approximation and constant heat capacity to find 
the final pressure, the specific work and heat transfer. 


Energy Eq.: u 2 -u l = ,q 2 - iw 2 

Process Eq: Pv n = C and ideal gas Pv = RT gives 

n n/(n-l) 5 

P 2 = Pj( Vl /v 2 ) = PiOyTj) = 600(7/5)' = 3227 kPa 

Reversible work Eq. 3.21: l w 2 = (P 2 v 2 - P^) = ^( T 2- T l) 

0.2598 kJ 

1 w 2 = 1 _ 1 25 ^ x (700 - 500) K = -207.84 kj/kg 

192 = u 2 - u : + : w 2 = C v (T 2 - Tj) + iW 2 

= 0.662 kJ/kg-K x (700 - 500) K - 207.84 kJ/kg 

= - 69.3 kj/kg 


The actual process is 
on a steeper curve than 


n= 1. 
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3.168 

Calculate the heat transfer for the process described in Problem 3.57. 

Consider a piston cylinder with 0.5 kg of R-134a as saturated vapor at -10°C. It is 
now compressed to a pressure of 500 kPa in a polytropic process with n = 1.5. 
Find the final volume and temperature, and determine the work done during the 
process. 

Solution: 

Take CV as the R-134a which is a control mass 

Continuity: m 2 = = m ; Energy: m(u 2 -U|) = jQ 2 - jW 2 

Process: Pv 1 5 = constant. Polytropic process with n = 1.5 

1: (T, x) P = Psat = 201.7 kPa from Table B. 5.1 

v 2 = 0.09921 m 3 /kg, Uj = 372.27 kJ/kg 
2: (P, process) 

v 2 = Vl (PJ/P2) (1/L5) = 0.0992 lx (201.7/500) 0 ' 667 = 0.05416 m 3 /kg 

=> Table B.5.2 superheated vapor, T 2 = 79°C, V 2 = mv 2 = 0.027 m 3 
u 2 = 440.9 kJ/kg 

Process gives P = C v <_1 5) , which is integrated for the work term, Eq.3.21 
jW 2 = 1 P dV = m(P 2 v 2 - PjVjVCl-l.S) 

= -2x0.5 kg x (500x0.05416 - 201.7x0.09921) kJ/kg = -7.07 kJ 
: Q 2 = m(u 2 - Ul ) + : W 2 = 0.5(440.9 - 372.27) + (-7.07) = 27.25 kJ 
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3.169 

A piston cylinder shown in Fig. P3.169 contains 0.5 m 3 of R-410A at 2 MPa, 
150°C. The piston mass and atmosphere gives a pressure of 450 kPa that will float 
the piston. The whole setup cools in a freezer maintained at -20°C. Find the heat 
transfer and show the P-v diagram for the process when T 2 = -20°C. 


C.V.: R-410A. Control mass. 

Continuity: m = constant, 

Energy Eq.3.5: m(u 0 - u^ = - jW 2 

Process: F>t = FT = P A = P^jA. + F stQ p 


if V < V 


stop 


F = 0 
r stop w 


This is illustrated in the P-v diagram shown below. 



State 1: Vj = 0.02247 m 3 /kg, u 1 = 373.49 kJ/kg 
=> m = V/v = 22.252 kg 

State 2: T-, and on line => compressed liquid, see figure below. 

v 2 = v f = 0.000 803 m 3 /kg => V 2 = 0.01787 m 3 ; u 2 = u f = 27.92 kJ/kg 
jW 2 = / PdV = P lift (V 2 - = 450 kPa (0.01787 - 0.5) m 3 = -217.0 kJ ; 

Energy eq. => 

: Q 2 = 22.252 kg x (27.92 - 373.49) kJ/kg - 217.9 kJ = -7906.6 kJ 
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3.170 

A cylinder containing 1 kg of ammonia has an externally loaded piston. Initially the 
ammonia is at 2 MPa, 180°C and is now cooled to saturated vapor at 40°C, and then 
further cooled to 20°C, at which point the quality is 50%. Find the total work and the 
heat transfer for the process, assuming a piecewise linear variation of P versus V. 

Solution: 


P 



State 1: (T, P) TableB.2.2 
v : =0.10571 m 3 /kg 
ui = 1630.6 kJ/kg 

State 2: (T, x) Table B. 2.1 sat. vap. 
P 2 = 1555 kPa, 

v 2 = 0.08313 m 3 /kg 
u 2 = 1341.0 kJ/kg 


State 3: (T, x) P 3 = 857 kPa, v 3 = (0.001638 + 0.14922)/2 = 0.07543 m 3 /kg 

u 3 = (272.89 + 1332. 2)/2 = 802.55 kJ/kg 
Sum the work as two integrals each evaluated by the area in the P-v diagram. 

3 Pi + ?2 P2 P3 

jW 3 = / PdV * ( 2 ) m(v 2 - Vj) + ( — ^ ) m(v 3 - v 2 ) 

1 

2000 + 1555 3 

= 2 kPa x 1 kg x (0.08313 -0.10571) m 3 /kg 

1555 + 857 o 

+ 2 kPa x 1 kg x (0.07543 - 0.08313) m 3 /kg 

= -49.4 kj 

From the energy equation 

: Q 3 = m(u 3 - u : ) + : W 3 = 1 kg x (802.55 - 1630.6) kJ/kg - 49.4 kJ 

= -877.5 kj 
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3.171 

10 kg of water in a piston cylinder arrangement exists as saturated liquid/vapor at 
100 kPa, with a quality of 50%. It is now heated so the volume triples. The mass 
of the piston is such that a cylinder pressure of 200 kPa will float it, as in Fig. 
3.171. Find the final temperature and the heat transfer in the process. 

Solution: 

Take CV as the water. 

Continuity Eq.: m 2 = lrq = m ; 

Energy Eq.: m(u 2 - Ul ) = : Q 2 - iW 2 

Process: v = constant until P = Pjjf t , then P is constant. 

State 1: Two-phase so look in Table B.1.2 at 100 kPa 

u 2 = 417.33 + 0.5 x 2088.72 = 1461.7 kJ/kg, 

v j = 0.001043 + 0.5 x 1.69296 = 0.8475 m 3 /kg 
State 2: v 2 , P 2 < Pi ift 
Interpolate: 

=> 

From the process equation (see P-V diagram) we get the work as 

lW 2 = Piift(V 2 -Vi) = 200 kPa x 10 kg (2.5425 - 0.8475) m 3 /kg = 3390 kJ 
From the energy equation we solve for the heat transfer 

jQ 2 = m(u 2 - u : ) + ] W 2 = 10 kg x(3718.76 - 1461.7) kJ/kg + 3390 kJ 

= 25 961 kJ 


=> v 2 = 3 x 0.8475 = 2.5425 m 3 /kg ; 

T 2 = 829°C, u 2 = 3718.76 kJ/kg 
V 2 = mv 2 = 25.425 m 3 
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3.172 

A helium gas is heated at constant volume from a state of 100 kPa, 300 K to 500 
K. A following process expands the gas at constant pressure to three times the 
initial volume. What are the specific work and the specific heat transfer in the 
combined process? 


The two processes are: 

1 -> 2: Constant volume V 2 = 

2 -> 3: Constant pressure P 3 = P 2 



Use ideal gas approximation for helium. 

State 1: T, P => v 1 = RT 1 /P 1 

State 2: V 2 = Vj => P 2 = P : (T 2 /T,) 

State 3: P 3 = P 2 => V 3 = 3V 2 ; T 3 = T 2 v 3 /v 2 = 500 x 3 = 1500 K 
We find the work by summing along the process path. 


iW 3 = iw 2 + 2 w 3 = 2 w 3 = P 3 (v 3 - v 2 ) = R(T 3 - T 2 ) 

= 2.0771 kJ/kg-K x (1500 - 500) K = 2077 kj/kg 
103 = u 3 - ui + jw 3 = C v (T 3 - Tj) + ,w 3 

= 3.116 kJ/kg-K x (1500 - 300) K + 2077 kJ/kg = 5816 kj/kg 
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3.173 

A vertical cylinder fitted with a piston contains 5 kg of R-410A at 10°C, shown in 
Fig. P3.173. Heat is transferred to the system, causing the piston to rise until it 
reaches a set of stops at which point the volume has doubled. Additional heat is 
transferred until the temperature inside reaches 50°C, at which point the pressure 
inside the cylinder is 1.4 MPa. 

a. What is the quality at the initial state? 

b. Calculate the heat transfer for the overall process. 

Solution: 

C.V. R-410A. Control mass goes through process: 1 -> 2 -> 3 

As piston floats pressure is constant (1 -> 2) and the volume is constant for the 
second part (2 -> 3). So we have: v 3 = v 2 = 2 x v 1 

State 3: Table B. 4. 2 (P,T) v 3 = 0.02249 m 3 /kg, u 3 = 287.91 kJ/kg 




So we can then determine state 1 and 2 Table B.4.1: 

Vj = 0.01 1245 = 0.000886 + XjX 0.02295 => x, = 0.4514 

b) u : = 72.24 + 0.4514 x 183.66 = 155.14 kJ/kg 

State 2: v 2 = 0.02249 m 3 /kg, P 2 = Pj = 1086 kPa this is still 2-phase. 

We get the work from the process equation (see P-V diagram) 

2 

jW 3 = ,W 2 = / PdV = Pj(V 2 - Vj) = 1086 kPa x 5 kg x 0.01 1245 m 3 /kg 

1 

= 61.1 kJ 

The heat transfer from the energy equation becomes 

: Q 3 = m(u 3 -up + : W 3 = 5 kg x (287.91 - 155.14) kJ/kg + 61.1 kJ 

= 725.0 kJ 
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3.174 

Water in a piston/cylinder (Fig. P3.174) is at 101 kPa, 25°C, and mass 0.5 kg. The 
piston rests on some stops, and the pressure should be 1000 kPa to float the 
piston. We now heat the water, so the piston just reaches the end of the cylinder. 

Find the total heat transfer. 

Solution: 

Take CV as the water. 

Continuity Eq.: m 2 = m l = m ; 

Energy Eq.: m(u 2 - Ul ) = : Q 2 - ]W 2 

Process: v = constant until P = Pf] oat , then P is constant. 

Volume does go up so we get v 2 = 5 Vj 
State 1: = 0.001003 m 3 /kg, u : = 104.86 kJ/kg 

State 2: v 2 , P 2 = P float so v 2 = 5 x 0.001003 = 0.005015 m 3 /kg ; 

x 2 = (v 2 - v f ) /v fg = (0.005015 - 0.001 127)/0. 19332 = 0.0201 1, 
u 2 = 761.67 + x 2 x 1821.97 = 798.31 kJ/kg 

From the process equation (see P-V diagram) we get the work as 

l w 2 = P float (v 2 - vj) = 1000 kPa (0.005015 - 0.001003) m 3 /kg = 4.012 kJ/kg 
From the energy equation we solve for the heat transfer 

jQ 2 = m[u 2 - uj + ! w 2 ] = 0.5x[798.31 - 104.86 + 4.012] = 348.7 kj 
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3.175 

A setup as in Fig. P3.169 has the R-410A initially at 1000 kPa, 50°C of mass 0.1 
kg. The balancing equilibrium pressure is 400 kPa and it is now cooled so the 
volume is reduced to half the starting volume. Find the work and heat transfer for 
the process. 


Take as CV the 0.1 kg of R-410A. 
Continuity Eq.: m 2 = lrq = m ; 

Energy Eq.3.5 m(u 2 - u : ) = iQ 2 - iW 2 


Process Eq.: 
State 1: (P, T) 



p = p float o r v = C = v b 
=> vj = 0.0332 m 3 /kg, 

Uj = 292.695 kJ/kg 
State 2: (P, v) => v 2 = Vj/2 = 0.0166 m 3 /kg < v ? , so it is two-phase. 

x 2 = (v 2 - v f ) /vfg = (0.0166 - 0.000803)/0.064 = 0.2468 
u 2 = Uf + x 2 Ufg = 27.92 + x 2 218.07 = 81.746 kJ/kg 

From process eq.: !W 2 = J P dV = area = mP 2 (v 2 - vj) 


From energy eq.: 


= 0.1 kg x 400 kPa ( 0.0166 - 0.0332) m 3 /kg = -0.664 kj 
: Q 2 = m(u 2 - Uj) + jW 2 = O.lx (81.746 - 292.695) - 0.664 

= -21.8 kj 
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3.176 

A piston/cylinder contains 1 kg of liquid water at 20°C and 300 kPa. Initially the 
piston floats, similar to the setup in Problem 3.173, with a maximum enclosed 

volume of 0.002 m 3 if the piston touches the stops. Now heat is added so a final 
pressure of 600 kPa is reached. Find the final volume and the heat transfer in the 
process. 

Solution: 

Take CV as the water which is a control mass: m 2 = irq = m ; 

Energy Eq.: m(u 2 - Uj) = jQ 2 - 

Table B. 1.1: 20°C => P = 2.34 kPa 

sat 

State 1: Compressed liquid v = v t {20) = 0.001002 m 3 /kg, u = 83.94 kJ/kg 
State la: v stop = 0.002 m 3 /kg , 300 kPa 

State 2: Since P 2 = 600 kPa > P^ then piston is pressed against the stops 

v 2 = v stop = 0.002 m 3 /kg and V = 0.002 m 3 

For the given P : v f <v<Vg so 2-phase T = T sat = 158.85 °C 

x = (v — v)/v = (0.002 - 0.001 101)/0.3 1457 = 0.002858 
u = 669.88 + x 1897.52 = 675.3 kJ/kg 
Work is done while piston moves at P^ = constant = 300 kPa so we get 

jW 2 = I P dV = m P uft (v 2 -vj) = 1 kg x 300 kPa x (0.002 - 0.001002) m 3 
= 0.30 kJ 

The heat transfer is from the energy equation 

jQ 2 = m(u 0 - Uj) + : W 2 = 1 kg x (675.3 - 83.94) kJ/kg + 0.30 kJ 

= 591.7 kJ 
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3.177 

A cylinder/piston arrangement contains 5 kg of water at 100°C with x = 20% and 
the piston, m P = 75 kg, resting on some stops, similar to Fig. P3.171. The outside 

pressure is 100 kPa, and the cylinder area is A = 24.5 cm 2 . Heat is now added 
until the water reaches a saturated vapor state. Find the initial volume, final 
pressure, work, and heat transfer terms and show the P-v diagram. 

Solution: 

C.V. The 5 kg water. 

Continuty: m 2 = m 1 = m ; Energy: m(u 2 - u 3 ) = jQ 2 - jW 2 

Process: V = constant if P < P lift otherwise P = P|j t - t see P-v diagram. 

75 x 9.807 

P 3 - f *2 - Plift - Pq + m p g / Ap -1 00 + o 00245 x \ qoo - ^Pa 




State 1: (T,x) Table B. 1.1 

vj = 0.001044 + 0.2 x 1.6719 m 3 /kg, Vj = mvj = 5 x 0.3354 = 1.677 m 3 
Ul = 418.91 + 0.2 x 2087.58 = 836.4 kJ/kg 
State 3: (P, x = 1) Table B. 1.2 => v 3 = 0.4625 > Vj, u 3 = 2553.6 kJ/kg 
Work is seen in the P-V diagram (if volume changes then P = Pj ift ) 

jW 3 = 2 W 3 = P ex t m ( v 3 - v 2 ) = 400 kPa x 5 kg (0.46246 - 0.3354) m 3 /kg 
= 254.1 kj 

Heat transfer is from the energy equation 

jQ 3 = 5 kg x (2553.6 - 836.4) kJ/kg + 254.1 kJ = 8840 kj 
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A piston cylinder setup similar to Problem 3.171 contains 0.1 kg saturated liquid and 
vapor water at 100 kPa with quality 25%. The mass of the piston is such that a 
pressure of 500 kPa will float it. The water is heated to 300°C. Find the final pressure, 
volume, work, ] W 2 and !Q 2 . 

Solution: 


Take CV as the water: m 2 = m ] = m 
Process: v = constant until P = Pi ift 

To locate state 1: Table B.1.2 
v j = 0.001043 + 0.25x1.69296 = 0.42428 m 3 /kg 

uj = 417.33 + 0.25x2088.72 = 939.51 kJ/kg 




la 2 



la: v la = Vj = 0.42428 m 3 /kg >v g at500kPa, 

state la is superheated vapor T la = 200°C 

State 2 is 300°C so heating continues after state la to 2 at constant P => 
2: T 2 , P 2 = P lift = 500 kPa => 

Table B.1.3 v 2 = 0.52256 m 3 /kg; u 2 = 2802.91 kJ/kg 


V 2 = mv 2 = 0.05226 m 3 


l w 2 = p lift ( v 2 - v l) = 500 kPa X (0.05226 - 0.04243) m 3 = 4.91 kj 


The heat transfer is from the energy equation 

: Q 2 = m(u 2 - u : ) + ,W 2 = 0.1 kg x (2802.91 - 939.51) kJ/kg + 4.91 kJ 

= 191.25 kj 
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A piston/cylinder contains 0.1 kg R-410A at 600 kPa, 60°C. It is now cooled, so 
the volume is reduced to half the initial volume. The piston has upper stops 
mounted and the piston mass and gravitation is such that a floating pressure is 400 
kPa. 


a) Find the final temperature 

b) How much work is involved. 

c) What is the heat transfer in the process. 

d) Show the process path in a P-v diagram. 


Take as CV the 0. 
Energy Eq.3.5 
Process Eq.: 

State 1: (P, T) 


1 kg of R-410A. m 2 = mj = m ; 
m(u 2 - uj) = jQ 2 - iW 2 
p = p float or v = C = v b 
=> vi = 0.06023 m 3 /kg, 
u : = 304.91 kJ/kg 



State 2: (P, v) 


=> v 2 = vj/2 = 0.0301 15 m 3 /kg < v^, so it is two-phase. 


x 2 = (v 2 - v f ) /v f „ = (0.0301 15 - 0.000803)/0.064 = 0.458 
u 2 = Uf + x 2 Ufg = 27.92 + x 2 218.07 = 127.8 kJ/kg 

From process eq.: }W 2 = I P dV = area = mP 2 (v 2 - vj) 

= 0. 1 kg x 400 kPa ( 0.0301 15 - 0.06023) m 3 /kg = - 1.2046 kj 


From energy eq.: jQ 2 = m(u 2 - uj) + | W 2 


= 0.1 kg x (127.8 - 304.91) kJ/kg - 1.2046 kJ 

= -18.9 kj 
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A piston cylinder contains air at 1000 kPa, 800 K with a volume of 0.05 m . The 
piston is pressed against the upper stops, see Fig. P3.14c and it will float at a 
pressure of 750 kPa. Now the air is cooled to 400 K. What is the process work 
and heat transfer? 

CV. Air, this is a control mass 

Energy Eq.3.5 m(u 2 - Uf) = 2 Q 2 - jW 2 

Process Eq.: P = Pfloat or v = C = Vj, 

State 1: u = 592.58 kJ/kg, m = PV/RT = 1000 x 0.05 /(0.287 x 800) = 0.2178 kg 
We need to find state 2. Let us see if we proceed past state la during the cooling. 

T la = Ti P float / Pf = 800 x 750 / 100 = 600 K 

so we do cool below T ]a . That means the piston is floating. Write the ideal gas 
law for state 1 and 2 to get 

mRT 2 P,V,T 2 1000 x 0,05 x 400 3 3 

V 2 _ P 2 “ P 2 Tf _ 750 x 800 m -°- 0333 m 

lW 2 =i a W 2 = jpdV = P 2 (V 2 -V 1 ) 

= 750 kPa X (0.0333 - 0.05) m 3 = -12.5 kj 

From energy eq.: 

lQ 2 = m(u 2 - uj) + fW 2 

= 0.2178 kg x (286.49 - 592.58) kJ/kg - 12.5 kJ 

= -79.2 kj 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.181 

The piston/cylinder arrangement in Fig. P3.181 contains 10 g ammonia at 20°C 
with a volume of 1 L. There are some stops so if the piston is at the stops the 
volume is 1.4 L. The ammonia is now heated to 200°C. The piston and cylinder is 
made of 0.5 kg aluminum. Assume that the mass has the same temperature as the 
ammonia at any time. Find the final volume and the total heat transfer and plot the 
P-V diagram for the process. 

C.V. NH3. Control mass goes through process: 1 -> 2 -> 3 

Energy Eq.: U 3 - Uj = m NH3 (u 3 - Uj) + m Alu (u 3 - uj) = fQ 3 - ,W 3 

As piston floats pressure is constant (1 -> 2) and the volume is constant for the second 
part (2 -> 3) if we go this far. So we have at stop: v 3 = v 2 = 1.4 x Vj 

State 1: B.2.1 v 1 = V/m = 0.001 / 0.01 = 0.1 m 3 /kg <v so 2-phase P = 857.5 kPa 

x j = (v — v f )/ v fg = (0.1 -0.001638)/ 0.14758 = 0.6665 

u 1 = Uf + x 1 Uf g = 272.89 + x 1 x 1059.3 = 978.91 kJ/kg 

State 2: v 2 = 1.4 x Vj = 0.14 m 3 /kg & P = 857.5 kPa still 2-phase so T 7 = 20°C 

State 3: 200°C & v 3 = v 2 = 0.14 m 3/kg, => P = 1600 kPa, V = 1.4 L, u 3 = 1676.5 kJ/kg 

We get the work from the process equation (see P-V diagram) 

2 

jW 3 = 2 = f PdV = P l( V 2 - Vl ) = 857.5 kPa x (0.0014 - 0.001) m 3 = 0.343 kJ 

1 

The heat transfer from the energy equation becomes 
jQ 3 = m NH3 ( u 3 “ u l) + m Alu C Alu ( T 3 ~ T l) + f W 3 

= 0.01 kg (1676.5 - 978.91) kJ/kg + 0.5 kg x0.9 kJ/kg-K (200-20) K + 0.343 kJ 

= 88.32 kJ 
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3.182 

Air in a piston/cylinder at 200 kPa, 600 K, is expanded in a constant-pressure 
process to twice the initial volume (state 2), shown in Fig. P3.182. The piston is 
then locked with a pin and heat is transferred to a final temperature of 600 K. Find 
P, T, and h for states 2 and 3, and find the work and heat transfer in both 
processes. 

Solution: 

C.V. Air. Control mass m 2 = m 3 = mj 
Energy Eq.3.5: u 2 - Uj = ,q 2 - : w 2 ; 

Process 1 to 2: P = constant => jw 2 = J P dv = Pi(v 2 -vp = R(T 2 -T^) 

Ideal gas Pv = RT => T 2 = T^/vj = 2T : = 1200 K 
P 2 = Pj = 200 kPa, jw 2 = RTj = 172.2 kj/kg 
Table A.7 h 2 = 1277.8 kj/kg, h 3 = hj = 607.3 kj/kg 

iq 2 = u 2 - u^ + : w 2 = h 2 - fq = 1277.8 - 607.3 = 670.5 kj/kg 
Process 2 — >3: v 3 = v 2 = 2vj => 2 w 3 = 

P 3 = P 2 T 3 /T 2 = P 1 T 1 /2T 1 = Pi/2 = 100 kPa 

2 q 3 = u 3 - u 2 = 435.1 - 933.4 = -498.3 kj/kg 
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3.183 


A piston/cylinder has 0.5 kg air at 2000 kPa, 1000 K as shown in Fig P3.183. The 
cylinder has stops so V^ = 0.03 m 3 . The air now cools to 400 K by heat transfer 

to the ambient. Find the final volume and pressure of the air (does it hit the 
stops?) and the work and heat transfer in the process. 

We recognize this is a possible two-step process, one of constant P and one of 
constant V. This behavior is dictated by the construction of the device. 

Continuity Eq.: m 2 - mj = 0 

Energy Eq.3.5: m(u 2 - Uj) = jQ 2 - iW 2 

Process: P = constant = F/A = Pj if V > Vmin 

V = constant = V la = V^ if P < Pi 

State 1: (P, T) Vj = mRTj/Pj = 0.5 x 0.287 x 1000/2000 = 0.07175 m 3 

The only possible P-V combinations for this system is shown in the diagram so 
both state 1 and 2 must be on the two lines. For state 2 we need to know if it is on 
the horizontal P line segment or the vertical V segment. Let us check state la: 

State la: Pia = Pl> Via =: ^min 


Via 0.03 

Ideal gas so T ia = Ti = 1000 x q Q 7175 = 418 K 

We see that T 2 < T ia and state 2 must have V 2 = Vi a = V min = 0.03 m 3 . 

T 2 Vi 400 0.07175 

P 2 = P lX — X— = 2000 X X „ „„ = 1913.3 kPa 


1 Ti V' 


1000 ~ 0.03 


The work is the area under the process curve in the P-V diagram 
,W 2 = J2 P dV = Pi (V !a - v i) = 2000 kPa (0.03 - 0.07175) m 3 = - 83.5 kj 

Now the heat transfer is found from the energy equation, u’s from Table A. 7.1, 


lQ 2 = m(u 2 - ui) + iW 2 = 0.5 (286.49 - 759.19) - 83.5 = -319.85 kj 
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3.184 

Air in a rigid tank is at 100 kPa, 300 K with a volume of 0.75 m 3 . The tank is 
heated to 400 K, state 2. Now one side of the tank acts as a piston letting the air 
expand slowly at constant temperature to state 3 with a volume of 1.5 m 3 . Find 
the pressures at states 2 and 3, Find the total work and total heat transfer. 

100 x 0.75 kPa m 3 _ , , 

Statel: m = P, V, / RT, = Q 28y x 300 = 0-871 kg 

Process 1 to 2: Constant volume heating, dV = 0 => jW 2 = 0 
p 2 = Pi T 2 / Tj = 100 X 400 / 300 = 133.3 kPa 
Process 2 to 3: Isothermal expansion, dT = 0 => u 3 = u 2 and 
p 3 = P 2 V 2 / V 3 = 133.3 x 0.75 / 1.5 = 66.67 kPa 

V 3 

2 W 3 = / 3 P dV = P 2 V 2 In ( ) = 133.3 x 0.75 ln(2) = 69.3 kJ 

2 V 2 

The overall process: 

,W 3 = ,W 2 + 2 W 3 = 2 W 3 = 69.3 kJ 
From the energy equation 

lQ 3 = m(u 3 - u : ) + jW 3 = m C v (T 3 - Tj) + ^W 3 

= 0.871 kg x 0.717 kJ/kg-K x (400 - 300) K + 69.3 kJ 

= 131.8 kJ 
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3.185 

A 100 hp car engine has a drive shaft rotating at 2000 RPM. How much torque is 
on the shaft for 25% of full power? 

Solution: 

Power = 0.25 x 100 hp = 0.25 x 73.5 kW (if SI hp) = 18.375 kW = Tco 
co = angular velocity (rad/s) = RPM 2 7t /60 

, power x 60 18.375 kW x 60 s/min ^ 

T = Power/co = Trrrrv 3 = — 1AnA ~ ~ 77 — : — = 87.73 Nm 

RPM x 27i 2000 x 271 rad/min 


We could also have used UK hp to get 0.25 x 74.6 kW. then T = 89 Nm. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.186 

A crane use 2 kW to raise a 100 kg box 20 m. How much time does it take? 


Power 


L 


= W = FV = mgV = mgy 


mgL 

W 


100 kg 9.807 m/s 2 20 m 
2000 W 


= 9.81 s 
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3.187 

An escalator raises a 100 kg bucket of sand 10 m in 1 minute. Determine the rate 
of work done during the process. 


Solution: 

The work is a force with a displacement and force is constant: F = mg 

W = J F dx = F J dx = F Ax = 100 kg x 9.80665 m/s 2 x 10 m = 9807 J 
The rate of work is work per unit time 



9807 J 
60s 


= 163 W 
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3.188 

A piston/cylinder of cross sectional area 0.01 m maintains constant pressure. It 

contains 1 kg water with a quality of 5% at 150°C. If we heat so 1 g/s liquid turns 
into vapor what is the rate of work out? 

^ vapor = m vapor v g > ^liq = m liq v f 
m tot = constant = m vapor m liq 

Wot = W'apor + Wiq 

• • • • • 

m tot = 0 = ni vapor + m liq => m liq = " m vapor 

• • • • • 

V to t = ^vapor + ^liq = m vapor v g + m liq v f 

• • 

= m vapor ( v g“ v f ) = m vapor v fg 

W = PV = P m vapor v fg 

= 475.9 kPa x 0.001 kg/s x 0.39169 m 3 /kg = 0.1864 kW 
= 186 W 
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A pot of water is boiling on a stove supplying 325 W to the water. What is the 
rate of mass (kg/s) vaporizing assuming a constant pressure process? 

To answer this we must assume all the power goes into the water and that 
the process takes place at atmospheric pressure 101 kPa, so T = 100°C. 


Energy equation 

dQ = dE + dW = dU + PdV = dH = h fg dm 

dQ _ dm 
dt = llf g dt 



dm Q 325 W 

dt _ h fg _ 2257 kJ/kg “ 0,144 & s 

The volume rate of increase is 

~j~ = ~j“Vf g = 0.144 g/s x 1.67185 m 3 /kg 

= 0.24 x 10' 3 m 3 /s = 0.24 L/s 
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3.190 

The heaters in a spacecraft suddenly fail. Heat is lost by radiation at the rate of 
100 kJ/h, and the electric instruments generate 75 kJ/h. Initially, the air is at 100 

kPa, 25 °C with a volume of 10 m^. How long will it take to reach an air 
temperature of -20°C? 

Solution: 


C.M. Air 



dM 

Continuity Eq: ^ = 0 

W = 0 

dE • 

KE = 0 

Energy Eq: dt = Q e i - Q ra d 

• 

PE = 0 


E — U — Q e i - Qrad - Qnet — ^ U 2 - Uj — m(u 2 - u^) — Qnet(*2 ' *- 1 ) 
PlVj 100x10 

Ideal gas: m- RT ^ - 0.287 x 298.15 _ 1 L688 kg 
m(u 2 - u : ) = m C v 0 (T 2 - T : ) = 11.688 x0.717 (-20 - 25) = -377.1 kJ 

t 2 - tj = m (u 2 - UjVQnet = (-377.1 kJ) /(-25 kJ/h) = 15.08 h 
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As fresh poured concrete hardens, the chemical transformation releases energy at 
a rate of 2 W/kg. Assume the center of a poured layer does not have any heat loss 
and that it has an average specific heat of 0.9 kJ/kg-K. Find the temperature rise 
during 1 hour of the hardening (curing) process. 

Solution: 


U = (mu) = mC v T = Q = mq 


T = q/C v = 2x1 O' 3 kW/ 0.9 kJ/kg-K 
= 2.222 x 10' 3 °C/sec 

AT = TAt = 2.222 x 10' 3 x 3600 = 8 °C 
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3.192 

A pot of 1.2 kg water at 20°C is put on a stove supplying 1250 W to the water. 
After how long time can I expect it to come to a boil (100°C)? 


dE wa ter dU water a * A 

Energy Equation on a rate form: ^ ^ = Q - W = Q - PV 


dU 


Q-- * 

Integrate over time 


water 


dH 


+ PV = 


water 


dT 


dt 


til 11/n 


water 


water^p fa 


Q = Q At = AH = m water (h 2 - h,) « m water C p (T 2 - Tj) 


At = m water ( h 2 - h 1 )/Q ~ m W ater C p (T 2 -T,)/Q 

= 1.2 (419.02 -83.94)/1.25 « 1.2 x 4.18 (100 - 20)/1.25 
= 321.7 s « 5.5 min 

Comment: Notice how close the two results are, i.e. use of constant C p is OK. 
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3.193 

A computer in a closed room of volume 200 m 3 dissipates energy at a rate of 10 
kW. The room has 50 kg wood, 25 kg steel and air, with all material at 300 K, 100 
kPa. Assuming all the mass heats up uniformly, how long will it take to increase 
the temperature 10°C? 

Solution: 

C.V. Air, wood and steel. m 2 = m 2 ; no work 
Energy Eq. 3. 5: U 2 - Uj = jQ 2 = QAt 

The total volume is nearly all air, but we can find volume of the solids. 

Vwood = m/p = 50/5 10 = 0.098 m 3 ; V steel = 25/7820 = 0.003 m 3 
V air = 200 - 0.098 - 0.003 = 199.899 m 3 

m air = PV/RT = 101.325 x 199.899/(0.287 x 300) = 235.25 kg 
We do not have a u table for steel or wood so use heat capacity from A. 3. 

AU — [m ajj- C v + m woo d C v + rfr s teel ]^T 

= (235.25 x 0.717 + 50 x 1.38 + 25 x 0.46) kJ/K xlO K 

= 1686.7 + 690 +115 = 2492 kJ = Q x At = 10 kW x At 
=> At = 2492 kJ/10 kW = 249.2 sec = 4.2 minutes 
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3.194 

The rate of heat transfer to the surroundings from a person at rest is about 400 
kJ/h. Suppose that the ventilation system fails in an auditorium containing 100 
people. Assume the energy goes into the air of volume 1500 m 3 initially at 300 K 
and 101 kPa. Find the rate (degrees per minute) of the air temperature change. 

Solution: 

Q = n q = lOOx 400 = 40 000 kJ/h = 666.7 kJ/min 

dE a jr • dT a j r 

dt = Q = m air C v dt 

m air = PV/RT = 101 kPa x 1500 m 3 / (0.287 kJ/kg-K x 300 K) = 1759.6 kg 

dT' 

= Q /mC v = 666.7 kJ/min / (1759.6 kg x 0.717 kJ/kg-K) 

= 0.53°C/min 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.195 

A steam generating unit heats saturated liquid water at constant pressure of 800 
kPa in a piston cylinder. If 1.5 kW of power is added by heat transfer find the rate 
(kg/s) of saturated vapor that is made. 

Solution: 

Energy equation on a rate form making saturated vapor from saturated 
liquid 


U = (mu) = mAu = Q - W = Q - PV = Q - P mAv 
Rearrange to solve for heat transfer rate 

• • • • 

Q = m(Au + AvP) = m Ah = m h fg 

So now 

m = Q/ h fg = 1.5 kW/ 2048.04 kJ/kg = 0.732 g/s 
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3.196 

A 500 Watt heater is used to melt 2 kg of solid ice at -10°C to liquid at +5°C at a 
constant pressure of 150 kPa. 

a) Find the change in the total volume of the water. 

b) Find the energy the heater must provide to the water. 

c) Find the time the process will take assuming uniform T in the water. 

Solution: 

Take CV as the 2 kg of water. m 2 = mj = m ; 

Energy Eq.3.5 m(u 2 - u 2 ) = : Q 2 - {W 2 

State 1: Compressed solid, take saturated solid at same temperature, 
v = Vj(-lO) = 0.0010891 m 3 /kg, h = hj = -354.09 kJ/kg 

State 2: Compressed liquid, take saturated liquid at same temperature 
v = v f = 0.001, h = h f = 20.98 kJ/kg 

Change in volume: 

V 2 - Vj = m(v 2 - Vl ) = 2(0.001 - 0.0010891) = -0.000178 m 3 
Work is done while piston moves at constant pressure, so we get 

: W 2 = I P dV = area = P(V 2 - Vj) = -150 x 0.000178 = -0.027 kJ = -27 J 
Heat transfer is found from energy equation 

!Q 2 = m(u 2 - uj) + : W 2 = m(h 2 - hj) = 2 x [20.98 - (-354.09)] = 750 kJ 

The elapsed time is found from the heat transfer and the rate of heat 
transfer 


t = jQ 2 /Q = (750 kJ /500 W) x 1000 J/kJ = 1500 s = 25 min 
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3.197 

A drag force on a car, with frontal area A = 2 m 2 , driving at 80 km/h in air at 20° 
C is F d = 0.225 A p air V . How much power is needed and what is the traction 
force? 


W = FV 

,, km 1000 i i 

V = 80 ~r~ = 80 x a ^ nn ms 1 = 22.22 ms 1 
h 3600 

p 101 3 

Pair - rt “ 0.287 x 293 _ 1-20 kg/m 

F d = 0.225 ApV 2 = 0.225 x 2 x 1.2 x 22.22 2 = 266.61 N 
W = FV = 266.61 N x 22.22 m/s = 5924 W = 5.92 kW 
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3.198 

A mass of 3 kg nitrogen gas at 2000 K, V = C, cools with 500 W. What is dT/dt? 


Process: V = C 


-» jW 2 = 0 


dE_dU_ dU 
dt _ dt _ m dt 


= mC 


dT 
v dt 


= Q - W = Q = -500 W 


du Au u 2100 ~ U 1900 1819.08 - 1621.66 

C v 2000 = dT = AX = 2100-1900 = 200 = 0.987 kJ/kg K 


dT _ Q _ -500 W K 

dt “ mC v “3 x 0.987 kJ/K “ 017 s 


Remark: Specific heat from Table A. 5 has C v 399 = 0.745 kJ/kg K which is nearly 
25% lower and thus would over-estimate the rate with 25%. 
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3.199 

Consider the pot in Problem 3.119. Assume the stove supplies 1 kW of heat. How 
much time does the process take? 

A 1 kg steel pot contains 1 kg liquid water both at 15°C. It is now put on the stove 
where it is heated to the boiling point of the water. Neglect any air being heated 
and find the total amount of energy needed. 

Solution: 

Energy Eq.: U 2 - U 1= jQ 2 - jW 2 

The steel does not change volume 
and the change for the liquid is 
minimal, so }W 2 = 0. 


State 2 : T 2 = T sat ( 1 atm) = 1 00°C 

Tbl B.1.1 : uj = 62.98 kJ/kg, u 2 = 418.91 kJ/kg 
Tbl A. 3 : C st = 0.46 kJ/kg K 
Solve for the heat transfer from the energy equation 

lQ 2 = U 2 - U| = m st (u 2 - U!) st + m H20 (u 2 - U]) H20 

= m st C st ( T 2 - T l) + m H20 ( u 2 - u l)H20 

: Q 2 = 1 kg X 0.46 x(100 - 15) K + 1 kg x(418.91 - 62.98) kJ/kg 

= 39.1 + 355.93 = 395 kJ 

To transfer that amount of heat with a rate of 1 kW we get the relation 
: Q 2 = I Q dt = Q At => At = jQ 2 /Q = 395 kJ /I (kJ/s) = 395 s 
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3.200 

Electric power is volts times ampere (P = V i). When a car battery at 12 V is 
charged with 6 amp for 3 hours how much energy is delivered? 

Solution: 

Work term integrated as 

W = J W dt = W At = V i At 

= 12 V x 6 Amp x 3 x 3600 s 

= 777 600 J = 777.6 kj 


Remark: Volt times ampere is also watts, 1 W = 1 V x 1 Amp. = 1 J/s 
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3.201 

A copper wire of diameter 2 mm is 10 m long and stretched out between two 
posts. The normal stress (pressure) a = E(L - L 0 )/L 0 , depends on the length L 

versus the un-stretched length L 0 and Young’s modulus E = 1.1 x 10 6 kPa. The 

force is F = Act and measured to be 1 10 N. How much longer is the wire and how 
much work was put in? 

Solution: 

F = As = AE AL/ L 0 and AL = FL 0 /AE 


A = |d 2 = | x 0.002 2 = 3.142 xl0’ 6 m 2 


AL = 


110 N xlOm 

7 — 7 7 — = 0.318 m 

3.142x10’° m 2 xl.l xlO 6 xlO 3 Pa 


jW 2 = |Fdx = lAsdx = I AE f dx 


AE 


L 


Vz X' 


where x = L - L 


o 


o 


3.142x10 ’ 6 xl.l xlO 6 xlO 3 
10 


x Vi x 0.3 1 8 2 = 17.47 J 
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A film of ethanol at 20°C has a surface tension of 22.3 mN/m and is maintained 
on a wire frame as shown in Fig. P3.202. Consider the film with two surfaces as a 
control mass and find the work done when the wire is moved 10 mm to make the 
film 20 x 40 mm. 

Solution : 

Assume a free surface on both sides of the frame, i.e., there are two surfaces 
20 x 30 mm 

W = -/ S dA = -22.3xl0' 3 N/m x 2 (800 - 600) xlO' 6 m 2 
= -8.92xl0’ 6 J = -8.92 j,iJ 
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3.203 

A 10-L rigid tank contains R-410A at -10°C, 80% quality. A 10-A electric 
current (from a 6-V battery) is passed through a resistor inside the tank for 10 
min, after which the R-410A temperature is 40°C. What was the heat transfer to 
or from the tank during this process? 

Solution: 


C.V. R-410A in tank. Control mass at constant 
V. 

Continuity Eq.: m 2 = m 1 = m ; 

Energy Eq.: m(u 2 - Uj) = : Q 2 - 

Process: Constant V => v 0 = v 1 

=> no boundary work, but electrical work 



State 1 from table B.4.1 

v, = 0.000827 + 0.8 x 0.04470 = 0.03659 m 3 /kg 
u : = 42.32 + 0.8 x 207.36 = 208.21 kJ/kg 

m = V/v = 0.010 m 3 /0.03659 m 3 /kg = 0.2733 kg 
State 2: Table B.4.2 at 40°C and v 2 = v 1 = 0.03659 m 3 /kg 

=> superheated vapor, so use linear interpolation to get 
P 2 = 800 + 200 x (0.03659 - 0.04074)/(0.03170 - 0.04074) 

= 800 + 200 x 0.45907 = 892 kPa 
u 2 = 286.83 + 0. 45907 x (284.35 - 286.83) = 285.69 kJ/kg 

10 x 6 x 10 x 60 

1 Wo elec = ~P ower x At = -Amp x volts x At = - = -36 kJ 

: Q 2 = m(u 0 - up + : W 2 = 0.2733 kg ( 285.69 - 208.21) kJ/kg - 36 kJ 

= -14.8 kJ 
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A battery is well insulated while being charged by 12.3 V at a current of 6 A. 
Take the battery as a control mass and find the instantaneous rate of work and the 
total work done over 4 hours. 

Solution : 

Battery thermally insulated => Q = 0 
For constant voltage E and current i, 

Power = E i = 12.3 x 6 = 73.8 W 

W = J power dt = power At 

= 73.8 W x 4 h x 3600 (s/h) = 


[Units V x A = W] 
062 720 J = 1062.7 kj 
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3.205 

A sheet of rubber is stretched out over a ring of radius 0.25 m. I pour liquid water 

at 20°C on it, as in Fig. P3.205, so the rubber forms a half sphere (cup). Neglect 
the rubber mass and find the surface tension near the ring? 


Solution: 

F T = F nI- ; F T = SL 


2 3 


The length is the perimeter, 2 tu\ and there is two surfaces 

1 , 

Sx2x2itr= m H2o g = p H2o Vg = p H2o x n (2r) g = p H2o x ^r 
S = PH2o| r2 g 


= 997 kg/m 3 x ^ x 0.25 2 m 2 x 9.81 m/s 2 

= 101.9 N/m 
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3.206 

Assume we fill a spherical balloon from a bottle of helium gas. The helium gas 
provides work J PdV that stretches the balloon material J S dA and pushes back 

the atmosphere J P 0 dV. Write the incremental balance for dW he j ium = dW stretch + 
dW atm to establish the connection between the helium pressure, the surface 
tension S and P D as a function of radius. 

W He = | P dV = | S dA + 1 P 0 dV 

dW He = P dV = S dA + P 0 dV 

dV = d ( |d 3 ) = |x 3D 2 dD 
dA = d ( 2 x n x D 2 ) = 2n (2D) dD 

P f D 2 dD = S (4 tt)D dD + P 0 ^D 2 dD 

K 2 

Divide by D to recognize 

^He = Po + ^p = Po + ^ r 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.207 

Assume a balloon material with a constant surface tension of S = 2 N/m. What is 
the work required to stretch a spherical balloon up to a radius of r = 0.5 m? 
Neglect any effect from atmospheric pressure. 


Assume the initial area is small, and that we have 2 surfaces inside and out 

W = -j S dA = -S (A 2 - A x ) 

= - S(A 2 ) = -S( 2x 7i D 2 ) 

= -2 N/m x 2 x it x 1 m~ = -12.57 J 
W in = -W = 12.57 J 
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A soap bubble has a surface tension of S = 3 x 10~ 4 N/cm as it sits flat on a rigid 
ring of diameter 5 cm. You now blow on the film to create a half sphere surface of 
diameter 5 cm. How much work was done? 

,W 2 = j F dx = j S dA = S AA 

7C 71 o 

= 2xSx(^D 2 -^D 2 ) 

= 2 x 3 x 10' 4 N/cm x 100 cm/m x 1 0.05 2 m 2 ( 1- 0.5 ) 

= 1.18 x 10' 4 J 
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3.209 

A 0.5-m-long steel rod with a 1-cm diameter is stretched in a tensile test. What is 
the required work to obtain a relative strain of 0.1%? The modulus of elasticity of 

steel is 2 x 10 8 kPa. 

Solution : 

AEL 0 

-jW 2 = — 2 ~ - (e) 2 , A = 4 (0.01 ) 2 = 78.54 x 10 ' 6 m 2 

-jW 2 = \ x 78.54 x 10 ' 6 m 2 x 2 x 10 8 kPa x 0.5 m (10 ‘ 3 ) 2 

= 3.93 J 
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3.210 


A rigid tank is divided into two rooms by a membrane, both containing water, 
shown in Fig. P3.210. Room A is at 200 kPa, v = 0.5 m^/kg, = 1 m3, and 

room B contains 3.5 kg at 0.5 MPa, 400°C. The membrane now ruptures and heat 
transfer takes place so the water comes to a uniform state at 100°C. Find the heat 
transfer during the process. 

Solution: 


C.V.: Both rooms A and B in tank. 



Continuity Eq.: 
Energy Eq.: 
State 1A: (P, v) 

x 


m 2 = m Ai+ m Bi 


m 2 U 2 " m Al U Al " m Bl U Bl = 1^2 " 1 W 2 
Table B. 1.2, 

v-Vf 0.5 -0.001061 


m Al = V A /v Al = 1/0 ' 5 = 2 


At 


V fg 


0.88467 


= 0.564 



u Ai = u f + x u f g = 504.47 + 0.564 x 2025.02 = 1646.6 kJ/kg 


State IB: Table B.1.3, v fil = 0.6173, u fil = 2963.2, V fi = m B1 v B1 = 2.16 m 3 
Process constant total volume: V tQt = V A + V fi = 3. 16 m and jW,, = 0 

m 2 = m Al + m Bl = ^ => v 2 = V tot /m 2 = 0.5746 m 3 /kg 

State 2: T-, , v 9 => Table B. 1.1 two-phase as v 2 < v ? 


_ V2~Vf _ 0.5746 - 0.001044 
x 2~ Vfg _ 1.67185 -0-343, 

u 2 = u f + x u fg = 418.91 +0.343 x 2087.58= 1134.95 kJ/kg 

Heat transfer is from the energy equation 

lQ 2 = m 2 U 2 - m Al U Al- m Bl U Bl 

= (5.5 x 1134.95 - 2 x 1646.6 - 3.5 x 2963.2) kg x kJ/kg 

= -7421 kj 
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A piston cylinder has a water volume separated in V A = 0.2 m 3 and V B = 0.3 m 3 

by a stiff membrane. The initial state in A is 1000 kPa, x = 0.75 and in B it is 
1600 kPa and 250°C. Now the membrane ruptures and the water comes to a 
uniform state at 200°C. What is the final pressure? Find the work and the heat 
transfer in the process. 

Take the water in A and B as CV. 

Continuity: m 2 - m 1A - m 1B = 0 

Energy: m 2 u 2 - m 1A u 1A - m 1B u 1B = ,Q 2 - {W 2 

Process: P 2 = P eq = constant = P 1A as piston floats and m p , P 0 do not 

change 

State 1A: Two phase. Table B.1.2 

v 1A = 0.001 127 + 0.75 x 0.19332 = 0.146117 m 3 /kg, 
u 1A = 761.67 + 0.75 x 1821.97 = 2128.15 kJ/kg 
State IB: Table B.1.3 v 1B = 0.14184 m 3 /kg, u^ B = 2692.26 kJ/kg 

=> m 1A = V 1A /v 1A = 1.3688 kg, m 1B = V 1B /v 1B = 2.115 kg 

State 2: 1000 kPa, 200°C sup. vapor => v 2 = 0.20596 m 3 /kg, u 2 = 2621.9 kJ/kg 
m 2 = m 1A + m 1B = 3.4838 kg => V 2 = m 2 v 2 = 3.4838 x 0.20596 = 0.7175 m 3 
Piston moves at constant pressure 

jW 2 = 1 P dV = P eq (V 2 - Vj) = 1000 kPa x (0.7175 - 0.5) m 3 = 217.5 kj 


tQ 2 - m 2 u 2 - m lA u lA - m lB u lB + 1 W 2 

= 3.4838 x 2621.9 - 1.3688 x 2128.15 - 2.115 x 2692.26 + 217.5 = 744 kj 



p 0 


cb m n 


A:H20 


B:H20 




g 
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3.212 

The cylinder volume below the constant loaded piston has two compartments A 
and B filled with water. A has 0.5 kg at 200 kPa, 150°C and B has 400 kPa with a 
quality of 50% and a volume of 0.1 m . The valve is opened and heat is 
transferred so the water comes to a uniform state with a total volume of 1.006 m . 

a) Find the total mass of water and the total initial volume. 

b) Find the work in the process 

c) Find the process heat transfer. 

Solution: 

Take the water in A and B as CV. 

Continuity: m 2 - irq A - irq B = 0 

Energy: m 2 u 2 - m 1A u 1A - m 1B u 1B = ,Q 2 - {W 2 

Process: P = constant = P 1A if piston floats 

(V A positive) i.e. if V 2 > V B = 0.1 m 3 

State Al: Sup. vap. Table B. 1.3 v = 0.95964 m 3 /kg, u = 2576.9 kJ/kg 

=> V = mv = 0.5 kg x 0.95964 m 3 /kg = 0.47982 
State Bl: Table B.1.2 v = (1-x) x 0.001084 + x x 0.4625 = 0.2318 m 3 /kg 

=> m = V/v = 0.43 14 kg 
u = 604.29 + 0.5 x 1949.3 = 1578.9 kJ/kg 
State 2: 200 kPa, v 2 = V 2 /m = 1.006/0.9314 = 1.0801 m 3 /kg 

Table B. 1.3 => close to T 2 = 200°C and u 2 = 2654.4 kJ/kg 

So now 

Vj = 0.47982 + 0.1 = 0.5798 m 3 , mj = 0.5 + 0.4314 = 0.9314 kg 

Since volume at state 2 is larger than initial volume piston goes up and the 
pressure then is constant (200 kPa which floats piston). 

jW 2 = 1 P dV = P lift (V 2 - Vj) = 200 kPa (1.006 - 0.57982) m 3 = 85.24 kj 


1Q2 = m 2 u 2 - m 1A u 1A - m 1B u 1B + : W 2 

= 0.9314 x 2654.4 - 0.5 x 2576.9 - 0.4314 x 1578.9 + 85.24 = 588 kj 
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3.213 

Water in a tank A is at 250 kPa with a quality of 10% and mass 0.5 kg. It is 
connected to a piston cylinder holding constant pressure of 200 kPa initially with 
0.5 kg water at 400°C. The valve is opened and enough heat transfer takes place 
to have a final uniform temperature of 150°C. Find the final P and V, the process 
work and the process heat transfer. 

C.V. Water in A and B. Control mass goes through process: 1 -> 2 
Continuity Eq.: m 2 -m A1 -m B1 = 0 => m 2 = m A1 + m B1 = 0.5 + 0.5 = 1 kg 

Energy Eq.: U 2 - U 2 = : Q 2 - : W 2 

State Al: v A1 = 0.001067 + x A1 x 0.71765 = 0.072832; V A1 = mv = 0.036416 
m 3 

u A1 = 535.08 + 0.1 x 2002.14 = 735.22 kJ/kg 
State Bl: v B1 = 1.5493 m 3 /kg; u B1 = 2966.69 kJ/kg 

=> V B j = ni B jv B 2 = 0.77465 m 3 

State 2: If V 2 > V A j then P 2 = 200 kPa that is the piston floats. 

For (T 2 , P 2 ) = (150°C, 200 kPa) => superheated vapor u 2 = 2576.87 kJ/kg 

v 2 = 0.95964 m 3 /kg V 2 = m 2 v 2 = 0.95964 m 3 > V A1 checks OK. 

The possible state 2 (P,V) combinations are 
shown. State “a” is at 200 kPa and 

V A1 

v a = = 0.036 m 3 /kg 

and thus two-phase 
T a = 120°C < T 2 


Process: : W 2 = P 2 (V 2 - Vj) = 200 kPa x (0.95964 - 0.77465 - 0.036416) m 3 

= 29.72 kj 

From the energy Eq.: 

jQ 2 = m 2 u 2 - m A1 u A1 - m B1 u B1 + jW 2 

= 1 x 2576.87 - 0.5 x 735.222 - 0.5 x 2966.69 + 29.72 = 755.6 kj 
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Two rigid tanks are filled with water. Tank A is 0.2 m 3 at 100 kPa, 150°C and 
tank B is 0.3 m 3 at saturated vapor 300 kPa. The tanks are connected by a pipe 
with a closed valve. We open the valve and let all the water come to a single 
uniform state while we transfer enough heat to have a final pressure of 300 kPa. 
Give the two property values that determine the final state and find the heat 
transfer. 

State Al: u = 2582.75 kJ/kg, v = 1.93636 m 3 /kg 

=> m A1 = V/v = 0.2/1.93636 = 0.1033 kg 

State B 1 : u = 2543.55 kJ/kg, v = 0.60582 m 3 /kg 

=> m B1 = V/v = 0.3 / 0.60582 = 0.4952 kg 

The total volume (and mass) is the sum of volumes (mass) for tanks A and B. 
m 2 = m A1 + m B1 = 0.1033 + 0.4952 = 0.5985 kg, 

V 2 = V A1 + V B1 = 0.2 + 0.3 = 0.5 m 3 

=> v 2 = V 2 /m 2 = 0.5 /0.5985 = 0.8354 m 3 /kg 
State 2: [P 2 , v 2 ] = [300 kPa, 0.8354 m 3 /kg] 

=> T 2 = 274.76°C and u 2 = 2767.32 kJ/kg 

The energy equation is (neglecting kinetic and potential energy) 
m 2 u 2 - m A u A1 - m B u B1 = jQ 2 - ,W 2 = : Q 2 
: Q 2 = (0.5985 x 2767.32 - 0.1033 x 2582.75 - 0.4952 x 2543.55) kg xkJ/kg 

= 129.9 kj 
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A tank has a volume of 1 m 3 with oxygen at 15°C, 300 kPa. Another tank 

contains 4 kg oxygen at 60°C, 500 kPa. The two tanks are connected by a pipe 
and valve which is opened allowing the whole system to come to a single 

equilibrium state with the ambient at 20°C. Find the final pressure and the heat 
transfer. 


C.V. Both tanks of constant volume. 


Continuity Eq.: m 2 - m 1A - m 1B = 0 

Energy Eq.: m 2 u 2 - m 1A u 1A - m 1B u 1B = jQ 2 - ,W 2 

Process Eq.: V 2 = V A + V B = constant, W 9 = 0 

p lA v A 300 kPa x 1 m 3 


State 1A: 

m lA = 

State IB: 

n 

v B = - 

State 2: 

( T 2’ V 2 


1A " 0.2598 kJ/kg-K x 288.15 K “ 4 ' 007 kg 


IB 


500 kPa 


m 2 = m 1A + m 1B = 4.007 + 4 = 8.007 kg 

m 2 RT 2 8.007 kg x 0.2598 kJ/kg-K x 293.15 K 


p 2 = 


V 


2 


1.6924 m 3 


= 360.3 kPa 


Heat transfer from energy equation 

A = m 2 u 2 - m lA u lA - m lB u lB = m lA(U2 “ U iA ) + m 1B (u 2 - U 1B ) 

= m 1A C v (T 2 - T 1a ) + m 1B C v (T 2 - T 1B ) 

= 4.007 kgxO.662 kJ/kg-Kx(20 -15) K + 4 kgxO.662 kJ/kg-K x(20 -60) K 

= - 92.65 kj 
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A rigid insulated tank is separated into two rooms by a stiff plate. Room A of 0.5 

m 3 contains air at 250 kPa, 300 K and room B of 1 m 3 has air at 500 kPa, 1000 K. 
The plate is removed and the air comes to a uniform state without any heat 
transfer. Find the final pressure and temperature. 

Solution: 

C.V. Total tank. Control mass of constant volume. 

Mass and volume: m 2 = m A + m B ; V = V A + V B = 1 .5 m 

Energy Eq.: U 2 - Uj = m 2 u 2 - m A u A1 - m B u B1 = Q - W = 0 

Process Eq.: V = constant => W = 0; Insulated => Q = 0 

Ideal gas at 1 : m A = P A1 V A /RT A1 = 250 x 0.5/(0.287 x 300) = 1 .452 kg 

u A1 = 214.364 kJ/kg from Table A. 7 

Ideal gas at 2: 

m B = P B1 V B /RT B1 = 500 kPa x 1 m 3 /(0.287 kJ/kg-K x 1000 K) = 1.742 kg 

U B1= 759.189 kJ/kg from Table A.7 
m 2 = m A + m B = 3.194 kg 

m A u Al + m B u Bl 1.452 x 214.364 + 1.742 x 759.189 
u 2 = — = 3A94 =511.51 kJ/kg 

=> Table A.7. 1: T 2 = 698.6 K 

P 2 = m 2 RT 2 /V = 3.194 kg x 0.287 kJ/kg-K x 698.6 K /1.5 m 3 = 426.9 kPa 
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3.217 

A rigid tank A of volume 0.6 m 3 contains 3 kg water at 120°C and the rigid tank 

B is 0.4 m 3 with water at 600 kPa, 200°C. They are connected to a piston cylinder 
initially empty with closed valves. The pressure in the cylinder should be 800 kPa 
to float the piston. Now the valves are slowly opened and heat is transferred so the 

water reaches a uniform state at 250°C with the valves open. Find the final 
volume and pressure and the work and heat transfer in the process. 

C.V.: A + B + C. 

Only work in C, total mass constant. 
m 2 -m 1 = 0 => m 2 = m A1 +m B1 

U 2 -Ui 

lW 2 = 



1A: v = 0.6/3 = 0.2 m 3 /kg => x A1 = (0.2 - 0.00106)/0.8908 = 0.223327 

u = 503.48 + 0.223327 x 2025.76 = 955.89 kJ/kg 
IB: v = 0.35202 m 3 /kg => m B1 = 0.4/0.35202 = 1.1363 kg ; u = 2638.91 kJ/kg 

m 2 = 3 + 1.1363 = 4.1363 kg and V 1 = V A +V B =lm 3 

V 2 = V A + V B + V c = 1 m 3 + V c 

Locate state 2: Must be on P-V lines shown 

State la: 800 kPa, 

V A +V B 3 

v la = ~ = 0.24176 m 3 /kg 

800 kPa, vj a => T = 173°C too low. 

Assume 800 kPa: 250°C => v = 0.29314 m 3 /kg > v la OK 

V 2 = m 2 v 2 = 4.1363 kg x 0.29314 m 3 /kg = 1.2125 m 3 
Final state is : 800 kPa; 250°C => u 2 = 2715.46 kJ/kg 

iW 2 = Pjift (V 2 - Vj) = 800 kPa x (1.2125 - 1) m 3 = 170 kj 
lQ 2 = m 2 u 2 - mjuj + ,W 2 = m 2 u 2 - m A1 u A1 - m B1 u B1 + : W 2 

= 4.1363 x 2715.46 - 3 x 955.89 - 1.1363 x 2638.91 + 170 
= 1 1 232 - 2867.7 - 2998.6 + 170 = 5536 kj 
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3.218 

Ten kilograms of water in a piston/cylinder setup with constant pressure is at 

450°C and a volume of 0.633 m 3 . It is now cooled to 20°C. Show the P-v 
diagram and find the work and heat transfer for the process. 

Solution: 

C.V. The 10 kg water. 

Energy Eq.3.5: m(u 0 - u^ = 

Process: P = C => ( W 2 = mP(v 2 -Vj) 

State 1: (T, Vj = 0.633/10 = 0.0633 m 3 /kg) Table B.1.3 
P 1 = 5 MPa, hj =3316.2 kJ/kg 
State 2 : (P = P = 5 MPa, 20°C) => Table B . 1 .4 

v ? = 0.000 999 5 m 3 /kg ; h 9 = 88.65 kJ/kg 



The work from the process equation is found as 

jW 2 = 10 kg x 5000 kPa x(0.0009995 - 0.0633) m 3 /kg = -3115 kj 

The heat transfer from the energy equation is 
= m(u 0 - Uj) + | W 2 = m(h 2 - hj) 

jQ 2 = 10 kg x(88.65 - 3316.2) kJ/kg = -32 276 kj 
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A piston/cylinder (Fig. P3.171) contains 1 kg of water at 20°C with a volume of 

0.1 m . Initially the piston rests on some stops with the top surface open to the 
atmosphere, P G and a mass so a water pressure of 400 kPa will lift it. To what 

temperature should the water be heated to lift the piston? If it is heated to 
saturated vapor find the final temperature, volume and the work, 1 W 2 . 

Solution: 

(a) State to reach lift pressure of P = 400 kPa, v = V/m = 0.1 m 3 /kg 

Table B. 1.2: Vf< v < v g = 0.4625 m 3 /kg 

=> T = T sat = 143.63°C 

(b) State 2 is saturated vapor at 400 kPa since state la is two-phase. 



v 2 = Vg = 0.4625 nrVkg , V 2 = m v 2 = 0.4625 m 3 . 
Pressure is constant as volume increase beyond initial volume. 

iW 2 = J P dv = P (V 2 - V!) = P Uft (V 2 - Vj) 

= 400 kPa x (0.4625 - 0. 1) m 3 = 145 kj 
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Two kilograms of water is contained in a piston/cylinder (Fig. P3.220) with a 
massless piston loaded with a linear spring and the outside atmosphere. Initially 

the spring force is zero and P\ = P Q = 100 kPa with a volume of 0.2 m 3 . If the 

piston just hits the upper stops the volume is 0.8 m 3 and T = 600°C. Heat is now 
added until the pressure reaches 1.2 MPa. Find the final temperature, show the P— 
V diagram and find the work done during the process. 

Solution: 


State 1: vj = V/m = 0.2 / 2 = 0.1 nr /kg 

Process: 1— >2— >3 or 1— >3’ 

State at stops: 2 or 2’ 

v 2 = V stQ p/m = 0.4 m 3 /kg & T 2 = 600°C 
Table B . 1 .3 => P stQp = 1 MPa < P 3 
v since P st0 p < P3 the process is as 1 — > 2 — > 3 

= v 2 = 0.4 m 3 /kg => T 3 = 770°C 

W 13 = W 12 + W 23 = 2(Pi + P 2 )(V 2 - Vj) + 0 
1 



1 


= 2(100 + 1000) kPa x (0.8 - 0.2) nr 

= 330 kj 
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Two springs with same spring constant are installed in a massless piston/cylinder 
with the outside air at 100 kPa. If the piston is at the bottom, both springs are 

relaxed and the second spring comes in contact with the piston at V = 2 m 3 . The 

cylinder (Fig. P3.221) contains ammonia initially at -2°C, x = 0.13, V = 1 m 3 , 
which is then heated until the pressure finally reaches 1200 kPa. At what pressure 
will the piston touch the second spring? Find the final temperature, the total work 
done by the ammonia and the heat transfer. 

State 1: P = 399.7 kPa Table B.2.1 

v = 0.00156 + 0.13x0.3106 = 0.0419 m 3 /kg 
u = 170.52 + 0.13x1145.78 = 319.47 kJ/kg 
m = V/v = 1/0.0419 = 23.866 kg 

At bottom state 0: 0 m 3 , 100 kPa 

State 2: V = 2 m 3 and on line 0-1-2 
Final state 3: 1200 kPa, on line segment 2. 


Solution : 



Slope of line 0-1-2: AP/ AV = (Pj - P 0 )/AV = (399.7- 100)/1 = 299.7 kPa/ m 3 

P 2 = P : + (V 2 - Vi)AP/AV = 399.7 + (2-l)x299.7 = 699.4 kPa 
State 3: Last line segment has twice the slope. 

P 3 = P 2 + (V 3 - V 2 )2AP/AV => V 3 = V 2 + (P 3 - P 2 )/(2AP/AV) 

V 3 = 2 + (1200-699. 4)/599.4 = 2.835 m 3 

v 3 = v 1 Y 3 /V 1 =0.0419x2.835/1 =0.1188 => T 3 = 51°C 

0.1188-0.11846 

u 3 = 1384.39 kJ/kg = 1383 + (1404.8-1383) q 12378-0 11846 from B Z2 

lW 3 = ,W 2 + 2 W 3 = | (Pj + P 2 )(V 2 - Vj) + \ (P 3 + P 2 )(V 3 - V 2 ) 

= 549.6 + 793.0 = 1342.6 kj 

The energy equation gives the heat transfer as 

: Q 3 = m(u 3 - u : ) + ,W 3 = 23.866 kg (1384.39 - 319.47) kJ/kg + 1342.6 kJ 

= 26 758 kj 
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3.222 

Ammonia, NH3, is contained in a sealed rigid tank at 0°C, x = 50% and is then 
heated to 100°C. Find the final state P 2 , u 2 and the specific work and heat 
transfer. 

Solution: 

Continuity Eq.: m 2 = mj ; 

Energy Eq.3.5: E 2 - Ej = : Q 2 ; (,W 2 = 0) 

Process: V 2 = V 1 => v 2 = Vj = 0.001566 + 0.5 x 0.28783 = 0.14538 m 3 /kg 
Table B. 2. 2: v 2 & T 2 => between 1000 kPa and 1200 kPa 

0.14538-0.17389 

P 2 - 1000 + 200 q 14347 _ q. 17389 _ ^Pa 



u 2 = 1490.5 +(1485.8- 1490.5) x 0.935 
= 1485.83 kJ/kg 

Uj = 179.69 + 0.5 x 1138.3 = 748.84 kJ/kg 


Process equation gives no displacement: jw 2 = 0 ; 

The energy equation then gives the heat transfer as 

jq 2 = u 2 - U| = 1485.83 - 748.84 = 737 kJ/kg 
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3.223 

A piston/cylinder system contains 50 L of air at 300°C, 100 kPa, with the piston 
initially on a set of stops as shown. A total external constant force acts on the 
piston so a balancing pressure inside should be 200 kPa. The cylinder is made of 2 
kg of steel initially at 1300°C. The system is insulated so that heat transfer only 
occurs between the steel cylinder and the air. The system comes to equilibrium. 
Find the final temperature and the work done by the air in the process and plot the 
process P-V diagram. 

C.V.: Steel + water out to ambient T 0 . This is a control mass. 

Energy Eq.: U 2 - U\ = m air (u 2 - u : ) + m st (u 2 - uj) = jQ 2 - ,W 2 

Entropy Eq.: S 2 - Si = m air (s 2 - s^ + m st (s 2 - = J dQ/T + 2 S 2 gen = iS 2 gen 

Process: ^Q 2 = 0 and must be on P-V diagram shown 

m air = p l v l / RTi = 100 x 0.05 /(0.287 x 573.15) = 0.0304 kg 
Since V la = Vj then T la = T^Pf^/Pp = 573.15 x 200/100 = 1146.3 K 
Use constant C v for air at 900 K: C v = Au/AT = 0.833 kJ/kgK (from A.7) 

To reach state la: AU air = mC v AT = 0.0304 x 0.833 x (1146 - 573) = 14.5 kJ 

AU st = mC v AT = 2 x 0.46 x (1 146 - 1573) = -392.8 kJ 
Conclusion from this is: T 2 is higher than T la = 1 146 K, piston lifts, P 2 = P float 
Write the work as jW 2 = P 2 (V 2 - Vj) and use constant C v in the energy Eq. as 
m air C v (T 2 - T i ) + m st C st (T 2 - Tj) = - P 2 m air v 2 + P 2 V, 
now P 2 v 2 = RT 2 for the air, so isolate T 2 terms as 

[m a ir (C v +R) + mC st ] T 2 = m air Cy^ air + mC st Tj st + P 2 V 1 
[0.0304 x 1.12 + 2 x 0.46] T 2 = 0.0304 x 0.833 x 573.15 

+ 2 x 0.46 x 1573.15 + 200 x 0.05 
Solution gives: T 2 = 1542.7 K, V 2 = 0.0304x0.287x1542.7/200 = 0.0673 m 3 
,W 2 = P 2 (V 2 - Vj) = 200 (0.0673 - 0.05) = 3.46 kJ 
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3.224 

A piston/cylinder arrangement has the piston loaded with outside atmospheric 
pressure and the piston mass to a pressure of 150 kPa. It contains water at -2°C, 
which is then heated until the water becomes saturated vapor. Find the final 
temperature and specific work and heat transfer for the process. 

Solution: 


C.V. Water in the piston cylinder. 
Continuity: m 2 = nip 


Energy Eq.3.5 per unit mass: 
Process: P = constant = Pp 


U 2 - U 1 = 1^2 - 1 W 2 
2 

=> jW 2 = / Pdv = P 1 (v 2 - Vj) 
1 


State 1: Tj , Pj => Table B.1.5 compressed solid, take as saturated solid. 

Vj = 1.09xl0" 3 m 3 /kg, U j = -337.62 kJ/kg 
State 2: x = 1, P 0 = P^ = 150 kPa due to process => Table B.1.2 

v 2 = v g ( p 2 ) = 1 1593 m 3/k g, T 2 = 111.4°C; u 2 = 2519.7 kJ/kg 
From the process equation 

jW 2 = P 1 (v 2 -vp = 150 kPa (1.1593 -1.09xl0' 3 ) m 3 /kg = 173.7 kJ/kg 
From the energy equation 

,q 2 = u 2 - U j + jW 2 = 2519.7 - (-337.62) + 173.7 = 3031 kJ/kg 
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3.225 

A piston/cylinder contains 1 kg of ammonia at 20°C with a volume of 0.1 m 3 , 
shown in Fig. P3.225. Initially the piston rests on some stops with the top surface 
open to the atmosphere, Po, so a pressure of 1400 kPa is required to lift it. To 
what temperature should the ammonia be heated to lift the piston? If it is heated 
to saturated vapor find the final temperature, volume, and the heat transfer. 

Solution: 

C.V. Ammonia which is a control mass. 

m 2 = m 1 =m; m(u 2 -Uj) = : Q 2 - {W 2 

State 1:20°C; v 1= 0.10<v g => Xj = (0.1 - 0.001638)/0. 14758 = 0.6665 
Uj = u f + x ! u fg = 272.89 + 0.6665 xl059.3 = 978.9 kJ/kg 
Process: Piston starts to lift at state la (Piift, Vj) 

State la: 1400 kPa, Vj Table B.2.2 (superheated vapor) 

0.1 -0.09942 

T a - 50 + (60 - 50) 0.10423 - 0.09942 - 51-2 ° C 




State 2: x = 1.0, v 2 = v 1 => V 0 = mv 0 = 0.1 m 3 

T, = 30 + (0.1 -0.11049) x 5/(0.09397 -0.1 1049) = 33.2 °C 
u 2 = 1338.7 kJ/kg; ,W 2 = 0; 

iQ 2 = m^q 2 = m(u 2 - u^ = 1 kg x (1338.7 - 978.9) kJ/kg = 359.8 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


3.226 

A piston held by a pin in an insulated cylinder, shown in Fig. P3.226, contains 2 
kg water at 100°C, quality 98%. The piston has a mass of 102 kg, with cross- 
sectional area of 100 cm 2 , and the ambient pressure is 100 kPa. The pin is 
released, which allows the piston to move. Determine the final state of the water, 
assuming the process to be adiabatic. 

Solution: 

C.V. The water. This is a control mass. 

Continuity Eq.: m 2 = mj = m ; 

Energy Eq.3.5: m(u 2 - uj) = jQ 2 - iW 2 



Process in cylinder: P = Pfj oat (if piston not supported by pin) 



102 x 9.807 
100x1 O' 4 x 10 3 


= 200 kPa 


We thus need one more property for state 2 and we have one equation namely 
the energy equation. From the equilibrium pressure the work becomes 

1 W 2 = J Pfloat dV = P 2 m ( v 2- v l) 

With this work the energy equation gives per unit mass 
u 2 - U 1 = 192 - iw 2 = 0 - P 2 (v 2 - Vj) 
or with rearrangement to have the unknowns on the left hand side 

U 2 + P 2 V 2 = h 2 = U l +P 2 V l 

h 2 = u i + P 0 v 1 = 2464.8 kJ/kg + 200 kPa x 1.6395 m 3 /kg = 2792.7 kJ/kg 
State 2: (P 2 , h 2 ) Table B. 1.3 => T 2 = 161.75°C 
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3.227 

A vertical cylinder (Fig. P3.227) has a 61.18-kg piston locked with a pin trapping 
10 L of R-410A at 10°C, 90% quality inside. Atmospheric pressure is 100 kPa, 
and the cylinder cross-sectional area is 0.006 m~. The pin is removed, allowing 
the piston to move and come to rest with a final temperature of 10°C for the R- 
410A. Find the final pressure, final volume and the work done and the heat 
transfer for the R-410A. 

Solution: 

CV R-410A, this is a control mass. 

Energy Eq.: m(u 2 - Uj) = jQ 2 - jW 2 

P = P|-| oal (if piston not supported by pin) 

State 1: (T, x) from table B.4.1 

v j = 0.000886 + 0.9 x 0.02295 = 0.021541 m 3 /kg 
uj = 72.24 + 0.9 x 183.66 = 131.64 kJ/kg 

m = V^vj = 0.010 m 3 /0.021541 m 3 /kg = 0.464 kg 

Force balance on piston gives the equilibrium pressure 

61.18 x 9.807 

P 2 = P 0 + m P g/ A P = 100 + () ()()6 x 1()()() = 200 kPa 

State 2: (T,P) in Table B.4.2 v 2 = (0.1507 + 0.16322)/2 = 0.15696 m 3 /kg 

u 2 = (265.06 + 279.13)72 = 272.095 kJ/kg 
V 2 = mv 2 = 0.464 kg x 0.15696 m 3 /kg = 0.0728 m 3 = 72.8 L 

,W 2 = JP equil dV = P 2 (V 2 -V 1 ) = 200 kPa (0.0728 - 0.010) m 3 = 12.56 kj 
lQ 2 = m(u 2 - u : ) + ,W 2 

= 0.464 kg (272.095 - 131.64) kJ/kg + 12.56 kJ = 77.73 kj 


Process in cylinder: 


o 


rr 


P cb 


H 


R-410A 


I 


g 
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3.228 

A cylinder having an initial volume of 3 m 3 contains 0.1 kg of water at 40°C. The 
water is then compressed in an isothermal quasi-equilibrium process until it has a 
quality of 50%. Calculate the work done in the process splitting it into two steps. 
Assume the water vapor is an ideal gas during the first step of the process. 

Solution: C.V. Water 

State 2: (40°C, x = 1) TblB.1.1 => P G = 7.384 kPa, v G = 19.52 m 3 /kg 

State 1: v 1 = V^m = 3 / 0.1 = 30 m 3 /kg ( > v G ) 

so H 2 O ~ ideal gas from 1-2 so since constant T 
V G 19.52 

Pi = F n — =7.384 x—^— = 4.8 kPa 
1 G v 30 

V 2 = mv 2 = 0.1 X 19.52 = 1.952 m 3 




Process T = C: and ideal gas gives work from Eq. 3. 21 

2 V- 


,W 2 =/ PdV = Pj Vjln y - = 4.8 x 3.0 x In 
1 1 


1.95 2 
3 


= -6.19 kJ 


v 3 = 0.001008 + 0.5 x 19.5 19 = 9.7605 => V 3 = mv 3 = 0.976 m 3 
P = C = P g : This gives a work term as 

3 

2 W 3 = / PdV = P g (V3-V2) = 7.384 kPa (0.976 - 1.952) m 3 = -7.21 kJ 
2 

Total work: 

jW 3 = {W 2 + 2 W 3 = - 6.19 - 7.21 = -13.4 kJ 
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3.229 

A spring-loaded piston/cylinder arrangement contains R-134a at 20°C, 24% quality 
with a volume 50 L. The setup is heated and thus expands, moving the piston. It is 
noted that when the last drop of liquid disappears the temperature is 40°C. The 
heating is stopped when T = 130°C. Verify the final pressure is about 1200 kPa by 
iteration and find the work done in the process. 


Solution: 

C.V. R-134a. This is a control mass. 


P 



v 


State 1: Table B.5.1 => 

vj = 0.000817 + 0.24x 0.03524 = 0.009274 

P, = 572.8 kPa, 

m = V/v, = 0.050 / 0.009274 = 5.391 kg 

Process: Linear Spring 
P = A + Bv 


State 2: x 2 = 1, T 2 => P 2 = 1.017 MPa, v 2 = 0.02002 m 3 /kg 

Now we have fixed two points on the process line so for final state 3: 


P 2 -Pl 

P3 = Pl+^T^(v 3 -vi) = RHS 


Relation between P 3 and v 3 


State 3: T 3 and on process line => iterate on P 3 given T 3 

at P 3 = 1.2 MPa => v 3 = 0.02504 => P 3 - RHS = -0.0247 
at P 3 = 1.4 MPa => v 3 = 0.02112 => P 3 - RHS = 0.3376 

Linear interpolation gives : 

0.0247 

P 3 = 1200 + q 3376 + o ()247 ( 140 ° ' 120 °) = 1214 kPa 

0.0247 

v 3 = 0.02504 + q 3376 + () Q2 4 7 (0-02112 - 0.02504) = 0.02478 m 3 /kg 

W 13 = j P dV (P, + P 3 )(V 3 - Vj) = \ (Pi + P 3 ) m (v 3 - Vl ) 

= \ x 5.391 kg (572.8 + 1214) kPa x (0.02478 - 0.009274) m 3 /kg 

= 74.7 kj 
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3.230 

Water in a piston/cylinder, similar to Fig. P3.225, is at 100°C, x = 0.5 with mass 1 
kg and the piston rests on the stops. The equilibrium pressure that will float the 

piston is 300 kPa. The water is heated to 300°C by an electrical heater. At what 
temperature would all the liquid be gone? Find the final (P,v), the work and heat 
transfer in the process. 

C.V. The 1 kg water. 

Continuty: m 2 = mj = m ; Energy: m(u 2 - u^ = jQ 2 - ( W 2 

Process: V = constant if P < P lift otherwise P = Pi ift see P-v diagram. 

State 1: (T,x) Table B. 1.1 

vj = 0.001044 + 0.5 x 1.6719 = 0.83697 m 3 /kg 
u : = 418.91 + 0.5 x 2087.58 = 1462.7 kJ/kg 

State la: (300 kPa, v = vj > v ? 30 o kPa = 0.6058 m 3 /kg) so superheated vapor 
Piston starts to move at state la, iW la = 0, u la = 2768.82 kJ/kg 

jQ la = m (u - u) = 1 kg (2768.82 - 1462.7) kJ/kg = 1306.12 kJ 
State lb: reached before state la so v = vj = v g see this in B. 1.1 

T lb = 120 + 5 (0.83697 - 0.8908)/(0.76953 - 0.8908) = 122.2°C 
State 2: (T 2 >T la ) Table B. 1.3 => v 2 = 0.87529, u 2 = 2806.69 kJ/kg 
Work is seen in the P-V diagram (when volume changes P = P b f t ) 

l w 2 = Ia w 2 = ?2 m ( v 2 - v i) = 300 X 1(0.87529 - 0.83697) = 11.5 kJ 
Heat transfer is from the energy equation 

jQ 2 = 1 kg (2806.69 - 1462.7) kJ/kg + 11.5 kJ = 1355.5 kJ 
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3.231 

A piston/cylinder arrangement has a linear spring and the outside atmosphere 
acting on the piston, shown in Fig. P3.231. It contains water at 3 MPa, 400°C 

with the volume being 0.1 m^. If the piston is at the bottom, the spring exerts a 
force such that a pressure of 200 kPa inside is required to balance the forces. The 
system now cools until the pressure reaches 1 MPa. Find the heat transfer for the 
process. 


Solution: 

C.V. Water. 
Continuity Eq.: 

Energy Eq.3.5: 


m 2 = m i = m ; 

m(u 2 - uj) = jQ 2 - jW 2 



State 1: Table B.1.3 

v, = 0.09936 m 3 /kg, ^ = 2932.8 kJ/kg 
m = V/Vj = 0.1/0.09936 = 1.006 kg 
Process: Linear spring so P linear in v. 
p = p 0 + ( p l - p o) v/v l 


V2 


(P 2 - P 0 ) Vl 


Pi-Po 


(1000 - 200)0.09936 
3000 - 200 


= 0.02839 m 3 /kg 


State 2: P 2 , v 2 => x 2 = (v 2 - 0.001 127)/0.19332 = 0.141, T 2 
u 2 = 761.62 + x 2 x 1821.97 = 1018.58 kJ/kg 

Process => iW 2 = JPdV = \ n^P} + P 2 )(v 2 - vj) 


179.91°C, 


= \ 1.006 kg (3000 + 1000) kPa (0.02839 -0.09936) m 3 /kg 
= -142.79 kJ 

Heat transfer from the energy equation 

: Q 2 = m(u 2 - uj) + ,W 2 = 1.006 kg (1018.58 - 2932.8) kJ/kg - 142.79 kJ 

= -2068.5 kJ 
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3.232 

Aim 3 tank containing air at 25°C and 500 kPa is connected through a valve to 
another tank containing 4 kg of air at 60°C and 200 kPa. Now the valve is opened and 
the entire system reaches thermal equilibrium with the surroundings at 20°C. Assume 
constant specific heat at 25°C and determine the final pressure and the heat transfer. 

Control volume all the air. Assume air is an ideal gas. 

Continuity Eq.: m 2 - m A1 - m B1 = 0 

Energy Eq.: U 2 - U, = m 2 u 2 - m A1 u A1 - m B1 u B1 = : Q 2 - jW 2 

Process Eq.: V = constant => jW 2 = 0 

State 1: 

P A1 V A1 (500 kPa)(lm 3 ) 
mA1_ RT A1 _ (0.287 kJ/kgK)(298.2 K) _5 ' 84kg 


m Bl RT Bl (4 kg)(0.287 kJ/kgK)(333.2 K) 
Vb1_ p Bl “ (200 kN/m 2 ) 


State 2: 


T 2 = 20°C, v 2 = V 2 /m 2 


m 2 = m A1 + m B1 = 4 + 5.84 = 9.84 kg 

v 2= V A1 + V B1 = 1 + 1-91 =2.91 m 3 

_ m 2 RT 2 _ ( 9, 8 4 kg)(0.287 kJ/kgK)(293.2 K) _ 
p 2- y 2 - 2.91m 3 - 284.5 kPa 


Energy Eq. 5. 5 or 5.11: 

lQ 2 = U 2 -U, = m 2 u 2 - m A 1 u A1 - m B 1 u B1 
= m A 1 (u 2 - u A1 ) + m B 1 (u 2 - u B1 ) 

= m A1 C v o(T 2 - T A1 ) + m B1 C v o(T 2 - T B1 ) 


= 5.84 x 0.717 (20 - 25) + 4 x 0.717 (20 - 60) = -135.6 kj 
The air gave energy out. 
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3.233 

A rigid container has two rooms filled with water, each 1 m separated by a wall 
(see Fig. P3.210). Room A has P = 200 kPa with a quality x = 0.80. Room B has 
P = 2 MPa and T = 400°C. The partition wall is removed and the water comes to a 
uniform state, which after a while due to heat transfer has a temperature of 200°C. 
Find the final pressure and the heat transfer in the process. 

Solution: 

C.V. A + B. Constant total mass and constant total volume. 

Continuity: rm, - m A1 - m fil = 0 ; V 0 = V A + V fi = 2 m 

Energy Eq.3.5: U 2 - Uj = m 2 u 2 - m A1 u A1 - m A1 u A1 = : Q 2 - ,W 2 = 2 Q 2 

Process: V = V A + V fi = constant => jW 2 = 0 

State 1A: Table B.1.2 u A1 = 504.47 + 0.8 x 2025.02 = 2124.47 kJ/kg, 

v A1 = 0.001061 + 0.8 x 0.88467 = 0.70877 m 3 /kg 
State IB: Table B. 1.3 u fil = 2945.2, v fil = 0.1512 

m Ai= 1 /v ai = 1 - 411 k § m Bl = ^ v bi = 6.614 kg 
State 2: T 2 , v 2 = V 2 /m 2 = 2/(1.411 + 6.614) = 0.24924 m 3 /kg 

Table B.1.3 superheated vapor. 800 kPa < P 0 < 1 MPa 
Interpolate to get the proper v 0 

0.24924-0.2608 

P 0 = 800 + q o()596_q 2608 x ^00 = u 0 = 2628.8 kJ/kg 

From the energy equation 

: Q 2 = 8.025 x 2628.8 - 1.411 x 2124.47 - 6.614 x 2945.2 = - 1381 kj 
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3.234 

Consider the piston/cylinder arrangement shown in Fig. P3.234. A frictionless 
piston is free to move between two sets of stops. When the piston rests on the 
lower stops, the enclosed volume is 400 L. When the piston reaches the upper 
stops, the volume is 600 L. The cylinder initially contains water at 100 kPa, 20% 
quality. It is heated until the water eventually exists as saturated vapor. The mass 
of the piston requires 300 kPa pressure to move it against the outside ambient 
pressure. Determine the final pressure in the cylinder, the heat transfer and the 
work for the overall process. 

Solution: 

C.V. Water. Check to see if piston reaches upper stops. 

Energy Eq.3.5: m(u 4 - Uj) = 1Q4 - jW 4 

Process: If P<300kPa then V = 400 L, line 2-1 and below 

If P > 300 kPa then V = 600 L, line 3-4 and above 
If P = 300 kPa then 400 L < V < 600 L line 2-3 

V 1 0.4 

State 1: v 1 = 0.001043 + 0.2x1.693 = 0.33964; m = ~= q 339^4 = 1.178 kg 

u : = 417.36 + 0.2 x 2088.7 = 835.1 kJ/kg 

0.6 

State 3: v 3 = ^^78 = 0-^095 < v G = 0.6058 at P 3 = 300 kPa 

=> Piston does reach upper stops to reach sat. vapor. 

State 4: v 4 = v 3 = 0.5095 m 3 /kg = v G at P 4 From Table B. 1 .2 

=> P 4 = 361 kPa, u 4 = 2550.0 kJ/kg 
lW 4 = ] W2 + 2 W 3 + 3 W 4 = 0 + 2 W 3 + 0 
,W 4 = P 2 (V 3 - V 2 ) = 300 X (0.6 - 0.4) = 60 kj 
: Q 4 = m(u 4 - Ul ) + : W 4 = 1.178(2550.0 - 835.1) + 60 = 2080 kj 


The three lines for 
process parts are 
shown in the P-V 
diagram, and is 
dictated by the motion 
of the piston (force 
balance). 
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3.235 

Ammonia (2 kg) in a piston/cylinder is at 100 kPa, -20°C and is now heated in a 
polytropic process with n = 1.3 to a pressure of 200 kPa. Do not use ideal gas 
approximation and find T 2 , the work and heat transfer in the process. 


Take CV as the Ammonia, constant mass. 

Energy Eq.3.5: m(u 2 - Uj) = jQ 2 - iW 2 

Process: Pv 11 = constant (n=1.3) 

State 1: Superheated vapor table B.2.2. 

Vl = 1.2101 m 3 /kg, u : = 1307.8 kJ/kg 

Process gives: v 2 = v, (P l /P 2 ) 1,a = 1.2101 (100/200) 1/0 = 0.710 m 3 /kg 

State 2: Table B.2.2 at 200 kPa interpolate: u 2 = 1376.49 kJ/kg, T 2 = 24°C 
Work is done while piston moves at increasing pressure, so we get 

1 W 2 = y"-~n ( P 2 V 2 - p l v l) = 1^3 k § (200x0.71 - 100x1.2101) kJ/kg 

= -139.9 kj 

Heat transfer is found from the energy equation 


lQ 2 - m ( u 2 ' u l) + 1^2 

= 2 (1376.49 - 1307.8) - 139.9 

= -2.52 kj 
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3.236 

A small flexible bag contains 0.1 kg ammonia at -10°C and 300 kPa. The bag 
material is such that the pressure inside varies linear with volume. The bag is left 
in the sun with with an incident radiation of 75 W, loosing energy with an average 

25 W to the ambient ground and air. After a while the bag is heated to 30°C at 
which time the pressure is 1000 kPa. Find the work and heat transfer in the 
process and the elapsed time. 


Take CV as the Ammonia, constant mass. 

Continuity Eq.: m 2 = mj = m ; 

Energy Eq.3.5: m(u 2 - Uj) = : Q 2 - {W 2 

Process: P = A + BV (linear in V) 

State 1: Compressed liquid P > P sat , take saturated liquid at same temperature. 

v l = v f - to = 0.001534 m 3 /kg, uj = u f = 133.96 kJ/kg 

State 2: Table B.2.1 at 30°C : P < P sat so superheated vapor 

v 2 = 0.13206 m 3 /kg, u 2 = 1347.1 kJ/kg, V 2 = mv 2 = 0.0132 m 3 
Work is done while piston moves at increacing pressure, so we get 

: W 2 = 1/2(300 + 1000) kPa*0.1 kg(0.13206 - 0.001534) m 3 /kg = 8.484 kj 

Heat transfer is found from the energy equation 

,Q 2 = m(u 2 - uj) + jW 2 = 0.1 kg (1347.1 - 133.96) kJ/kg + 8.484 kJ 

= 121.314 + 8.484 = 129.8 kj 
Qnet = 75 - 25 = 50 Watts 


Assume the constant rate 



= dQ/dt = jQ 2 / t, so the time becomes 


t — 1Q2 ^ Qnet 


12980 0 
50 


(J/W) = 2596 s = 43.3 min 
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3.237 

A cylinder/piston arrangement contains 0.1 kg R-410A of quality x = 0.2534 and 
at -20°C. Stops are mounted so V stop = 3Vj, see Fig. P3.237. The system is now 

heated to the final temperature of 20°C. Find the work and heat transfer in the 
process and draw the P-v diagram. 

C.V. The R-410A mass. 

Energy Eq. 5.11: m(u 2 - Uj) = jQ 2 - iW 2 

Process: P = Constant if V < V stop ; V = V stop ifP>P 1 

State 1: u 2 = 27.92 + x, 218.07 = 83.18 kJ/kg, P : = P sat = 399.6 kPa 

v, = 0.000803 + x, 0.064 = 0.01702 m 3 /kg 
State la: v stop = 3 Vj = 0.05106 m 3 /kg < v g at P} 

State 2: at 20°C > Tj : v stop > v g = 0.01758 m /kg so superheated vapor. 

Table B.4.2: Find it at P 2 = 600 kPa, u 2 = 273.56 kJ/kg 

Vj = mvj = 0.0017 m 3 , V 2 = mv 2 = 0.0051 m 3 
,W 2 = f PdV = P : (V 2 - Vi) = 399.6 kPa (0.0051 - 0.0017) m 3 = 1.36 kj 

!Q 2 = m(u 2 - u 2 ) + ,W 2 = 0.1 kg (273.56 - 83.18) kJ/kg + 1.36 kJ 

= 20.398 kj 


See the work term 
from the process in 
the P-v diagram 
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3.238 

A piston/cylinder, shown in Fig. P3.238, contains R-410A at - 20°C, x = 20%. 

The volume is 0.2 m . It is known that V s top = 0.4 m , and if the piston sits at the 
bottom, the spring force balances the other loads on the piston. It is now heated up 
to 20°C. Find the mass of the fluid and show the P-v diagram. Find the work and 
heat transfer. 

Solution: 

C.V. R-410A, this is a control mass. Properties in Table B.4. 

Continuity Eq.: m 2 = m 2 

Energy Eq.3.5: E 2 - E, = m(u 2 - u x ) = jQ 2 - ,W 2 

Process: P = A + BV, V < 0.4 m 3 , A = 0 (at V = 0, P = 0) 

State 1: Vl = 0.000803 + 0.2 x 0.0640 = 0.0136 m 3 /kg 
Ul = 27.92 + 0.2 x 218.07 = 71.5 kJ/kg 
m = ni2 = Vyvi = 14.706 kg 

System: on line 

V < V stop ; 

P : = 399.6 kPa 

Estop = 2Pi = 799.2 kPa 

v stop = 2v l = 0.0272 m 3 /kg 



State stop: (P,v) => T stop = 0°C TWO-PHASE STATE 
Since T 2 > T stop => v 2 = v stop = 0.0272 m 3 /kg 

State 2: (T 2 , v 2 ) Table B.4.2: Interpolate between 1000 and 1200 kPa 

P 2 = 1035 kPa ; u 2 = 366.5 kJ/kg 
From the process curve, see also area in P-V diagram, the work is 

tW 2 = /PdV = \ (Pi + P stop )(V stop - Vj) = \ (399.6 + 799.2)0.2 = 119.8 kj 

From the energy equation 

jQ 2 = m(u 2 - Ui) + iW 2 = 14.706(266.5 - 71.5) + 119.8 = 2987.5 kj 
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3.239 


A spherical balloon contains 2 kg of R-410A at 0°C, 30% quality. This system is 
heated until the pressure in the balloon reaches 1 MPa. For this process, it can be 
assumed that the pressure in the balloon is directly proportional to the balloon 
diameter. How does pressure vary with volume and what is the heat transfer for the 
process? 

Solution: 

C.V. R-410A which is a control mass. 
m 2 = irq = m ; 


Energy Eq. 3. 5: m(u 2 - uj) = - iW 2 

State 1: 0°C, x = 0.3. Table B.4.1 gives P 1 = 798.7 kPa 

Vj = 0.000855 + 0.3 x 0.03182 = 0.01040 m 3 /kg 
u x = 57.07 + 0.3 x 195.95 = 1 15.86 kJ/kg 

Q I/O 

Process: P oc D, V oc D => PV = constant, polytropic n = -1/3. 

=> V 0 = mv 2 = Vj ( P 2 /P 1 ) 3 = mVj ( P 0 /P 1 ) 3 

v 2 = v l ( P 2 /p i ) 3 = 0.01040 x (1000 / 798. 7) 3 = 0.02041 m 3 /kg 

State 2: P 0 = 1 MPa, process : v 9 = 0.02041 — » Table B.4.2, T 0 = 7.25°C 
(sat) 

v f = 0.000877, v f = 0.02508 m 3 /kg, u f = 68.02, u f =187.18 kJ/kg 
x 2 = 0.7787, u 2 = 213.7 kJ/kg, 


: W 2 = 1 P dV = m 
: Q 2 = m(u 2 - Uj) + 


P 2 v 2 - P i v i _ 1000 x 0,02041 - 798.7 x 0,0104 

1 - n “ 2 1 - (-1/3) 

jW 2 = 2 (213.7 - 115.86) + 18.16 = 213.8 kj 


18.16 kJ 




sat. 

vapor 

line 


Notice: The R-410A is not an ideal gas at any state in this problem. 
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3.240 

A piston/cylinder arrangement B is connected to a l-m3 tank A by a line and 
valve, shown in Fig. P3.240. Initially both contain water, with A at 100 kPa, 

saturated vapor and B at 400°C, 300 kPa, 1 m3. The valve is now opened and, the 
water in both A and B comes to a uniform state. 

a. Find the initial mass in A and B. 

b. If the process results in T 2 = 200°C, find the heat transfer and work. 
Solution: 

C.V.: A + B. This is a control mass. 

Continuity equation: m 2 - (m A1 + m fil ) = 0 ; 

Energy: m 2 u 2 - m M u A1 - m B1 u B1 = 2 Q 2 - ± W 2 

System: if V B > 0 piston floats => P fi = P fi i = const. 

if V fi = 0 then V 2 < P B1 and v = V A /m tot see P-V diagram 


l W 2 = JP B dV B = P B1 (V 2 - v 2 ) = P B1 (V 2 - V,) 


tot 


State Al: Table B. 1.1, x=l 

v A1 = 1.694 m 3 /kg, u A1 = 2506.1 kJ/kg 

m Al = V A /v Al = 05903 k § 

State Bl: Table B. 1.2 sup. vapor 
v B1 = 1.0315 m 3 /kg, u B1 = 2965.5 kJ/kg 

m B i = V r i /v r i =0.9695 kg 


Bl Bl 



m 2 = m T0T = 1.56 kg 

* At (V P Bl) 


v 2 = 0.7163 > v a = V A /m tot = 0.641 so Vg 0 > 0 


so now state 2: P 2 = P fil = 300 kPa, T 2 = 200 °C 
=> u 2 = 2650.7 kJ/kg and V 2 = m 2 v 2 = 1.56 x 0.7163 = 1.117 m 3 
(we could also have checked T a at: 300 kPa, 0.641 m 3 /kg => T = 155 °C) 
1 W 2 = P B1 ^ V 2 - V l) = - 264 ‘ 82 kj 

1 % = m 2 U 2 - m Al U Al - m Bl U Bl + 1 W 2 = - 484 ‘ 7 kJ 
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3.241 

Consider the system shown in Fig. P3.241. Tank A has a volume of 100 L and 
contains saturated vapor R-134a at 30°C. When the valve is cracked open, R-134a 
flows slowly into cylinder B. The piston mass requires a pressure of 200 kPa in 
cylinder B to raise the piston. The process ends when the pressure in tank A has 
fallen to 200 kPa. During this process heat is exchanged with the surroundings such 
that the R-134a always remains at 30°C. Calculate the heat transfer for the process. 
Solution: 

C.V. The R-134a. This is a control mass. 

Continuity Eq.: m 2 = m 1 = m ; 

Energy Eq.3.5: m(u 2 - Uj) = jQ 2 - jW 2 

Process in B: If V fi > 0 then P = Pp oat (piston must move) 

=> l W 2 = ^ P float dV = P float m ( v 2 " V P 
Work done in B against constant external force (equilibrium P in cyl. B) 

State 1: 30°C, x = 1. Table B.5.1: v 2 = 0.02671 m 3 /kg, u : = 394.48 kJ/kg 

m = V/v 1 = 0.1 / 0.02671 = 3.744 kg 

State 2: 30°C, 200 kPa superheated vapor Table B.5.2 
v 2 = 0. 1 1 889 m 3 /kg, u 2 = 403. 1 kJ/kg 
From the process equation 

jW 2 = P float m(v 2 - V j) = 200x3. 744x(0. 11889 - 0.02671) = 69.02 kJ 
From the energy equation 

,Q 2 = m(u 9 - u : ) + ,W 2 = 3.744 x(403.1 - 394.48) + 69.02 = 101.3 kJ 
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3.242 

What is 1 cal in english units, what is 1 Btu in ft-lbf? 

Look in Table A.l for the conversion factors under energy 

1 Btu = 778.1693 lbf-ft 

4.1868 

1 cal = 4. 1 868 J = ~ [055“ Btu = 0.00397 Btu 
= 0.00397 x 778.1693 lbf-ft = 3.088 lbf-ft 
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3.243 


Work as F Ax has units of lbf-ft, what is that in Btu? 

Look in Table A.l for the conversion factors under energy 

1 lbf-ft = 1 lbf-ft / (778.1693 ft-lbf/Btu) = 1.28507 x 10' 3 Btu 
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3.244 

Work in the expression Eq. 3.18 or Eq. 3.22 involves PV. For P in psia and V in 
ft , how does that become Btu? 

Units: psia x ft 3 = (lbf/in. 2 ) x ft 3 = lbf-ft x (ft/in.) 2 = 144 lbf-ft 

= (144/778.1693) Btu 

= 144 x 1.28507 x 10' 3 Btu 
= 0.18509 Btu 
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3.245 

Look at the R-410A value for Uf at -60 F. Can the energy really be negative? 
Explain. 

The absolute value of u and h are arbitrary. A constant can be added to all u and h 
values and the table is still valid. It is customary to select the reference such that u 
for saturated liquid water at the triple point is zero. The standard for refrigerants 
like R-410A is that h is set to zero as saturated liquid at -40 F, other substances as 
cryogenic substances like nitrogen, methane etc. may have different states at 
which h is set to zero. The ideal gas tables use a zero point for h as 77 F or at 
absolute zero, 0 R. 
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3.246 

An ideal gas in a piston-cylinder is heated with 2 Btu during an isothermal 
process. How much work is involved? 

Energy Eq.: u 2 - Uj = jq 2 - iw 2 = 0 since u 2 = (isothermal) 

Then 

lW 2 = ] Q 2 = m jw 2 = 2 Btu 
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3.247 

You heat a gas 20 R at P = C. Which one in table F.4 requires most energy? Why? 
A constant pressure process in a control mass gives (recall p. 109 and Eq. 3.39) 

192 = u 2 - iq + ] w 2 = h 2 - h : » C p AT 

The one with the highest specific heat is hydrogen, H 2 . The hydrogen has 

the smallest mass, but the same kinetic energy per mol as other molecules and 
thus the most energy per unit mass is needed to increase the temperature. 
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3.248 

The air drag force on a car is 0.225 A pV . Verify that the unit becomes lbf. 

F d = 0.225 A pV 2 

Units: ft 2 x (lbm/ft 3 ) x (ft/s) 2 = lbm-ft / s 2 = (1/32.174) lbf 

Recall the result from Newtons law p. 9. 
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Kinetic and Potential Energy 
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3.249 

An escalator raises a 200 lbm bucket of sand 30 ft in 1 minute. Determine the 
amount of work done during the process. 

Solution: 

W = f Fdx = Fj"dx = F Ax = mgH 

= 200 lbm x 32.174 ft/s 2 x 30 ft 
= 200 lbf x 30 ft = 6000 ft lbf 
= (6000/778) Btu 

= 7.71 Btu 
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3.250 

A hydraulic hoist raises a 3650 lbm car 6 ft in an auto repair shop. The hydraulic 
pump has a constant pressure of 100 lbf/in. 2 on its piston. What is the increase in 
potential energy of the car and how much volume should the pump displace to 
deliver that amount of work? 

Solution: C.V. Car. 


No change in kinetic or internal energy of the car, neglect hoist mass. 
E 2 - Ei = PE 2 - PEi = mg (Z 2 - Zi) 


3650x32.174x6 

32.174 


= 21 900 lbf-ft 


The increase in potential energy is work into car 
from pump at constant P. 


W = E 2 - Ei = J P dV = P AV 

E 2 -E, 21 900 , , 

AV _ P - 100 x 144 - 1,52 ft 
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3.251 

A piston motion moves a 50 lbm hammerhead vertically down 3 ft from rest to a 
velocity of 150 ft/s in a stamping machine. What is the change in total energy of 
the hammerhead? 

Solution: C.V. Hammerhead 

The hammerhead does not change internal energy i.e. same P,T 
E 2 - Ei = m(u 2 - ui) + mC^ - 0) + mg (h 2 - 0) 

= 0 + [ 50 x (1/2) xl50 2 + 50 x 32.174 x (-3)] lbm-(ft/s) 2 
= [562 500 - 4826J/32.174 = 17 333 lbf-ft 
17 333 

= ( ) Btu = 22.28 Btu 

Recall that 1 lbf-ft = 32.174 lbm-(ft/s) 2 
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Airplane takeoff from an aircraft carrier is assisted by a steam driven 
piston/cylinder with an average pressure of 200 psia. A 38 500 lbm airplane 
should be accelerated from zero to a speed of 100 ft/s with 30% of the energy 
coming from the steam piston. Find the needed piston displacement volume. 

Solution: C.V. Airplane. 

No change in internal or potential energy; only kinetic energy is changed. 

E 2 - Ej = m (1/2) (V 2 - 0) = 38 500 lbm x (1/2) x 100 2 (ft/s) 2 

= 192 500 000 lbm-(ft/s) 2 = 5 983 092 lbf-ft 

The work supplied by the piston is 30% of the energy increase. 


W = | P dV = P avg AV = 0.30 (E 2 - Ej) 

= 0.30 x 5 983 092 lbf-ft = 1 794 928 lbf-ft 


AV = 


W 1 794 928 lbf-ft 


avg 


200 


144 lbf/fr 


= 62.3 ft 3 
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3.253 


A bulldozer pushes 1000 lbm of dirt 300 ft with a force of 400 lbf. It then lifts the 
dirt 10 ft up to put it in a dump truck. How much work did it do in each situation? 


Solution: 

W = | F dx = F Ax 
= 400 lbf x 300 ft 
= 120 000 lbf-ft = 154 Btu 


W = I F dz = j mg dz = mg AZ 



= 1000 lbm x 32.174 ft/s 2 x 10 ft / (32.174 lbm-ft / s 2 -lbf) 
= 10 000 lbf-ft = 12.85 Btu 
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3.254 

Two hydraulic cylinders maintain a pressure of 175 psia. One has a cross sectional 

2 2 

area of 0. 1 ft the other 0.3 ft . To deliver a work of 1 Btu to the piston how large 
a displacement (V) and piston motion H is needed for each cylinder? Neglect P atm 

Solution: 


W = 1 F dx = J P dV = j PA dx = PAx H = P AV 
W = 1 Btu = 778.17 lbf-ft 


W 778.17 lbf-ft 

A V = — = ~ 

P 175 x 144 lbf/ft 2 


= 0.030 873 ft 3 


Both cases the height is H = AV/A 


0.030873 
Hl_ 0.1 
0.030873 
H 2 _ 0.3 


= 0.3087 ft 
= 0.1029 ft 
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3.255 

A linear spring, F = k^x - x Q ), with spring constant k s = 35 lbf/ft, is stretched until 
it is 2.5 in. longer. Find the required force and work input. 

Solution: 

F = k s (x - x Q ) = 35 lbf/ft x (2.5/12) ft = 7.292 lbf 
W = /Fdx = Jk s (x - x Q )d(x - x Q ) = |k g (x - x Q ) 2 

= | x 35 lbf/ft x (2.5/1 2) 2 ft 2 = 0.76 lbf-ft 

= 9.76xl0" 4 Btu 
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3.256 

A cylinder fitted with a frictionless piston contains 10 lbm of superheated 
refrigerant R-134a vapor at 100 lbf/in. 2 , 300 F. The setup is cooled at constant 
pressure until the R-134a reaches a quality of 25%. Calculate the work done in the 
process. 


Solution: 

Constant pressure process boundary work. State properties from Table F.10 
State 1: Table F.10.2 Vj = 0.76629 ft 3 /lbm; 

State 2: Table F.10.1 v 2 = 0.013331 + 0.25 x 0.46652 = 0.12996 ft 3 /lbm 
Interpolated to be at 100 psia, numbers at 101.5 psia could have been used. 

jW 2 = j P dV = P (V 2 -Vi) = mP (v 2 -V]) 

144 fin/ft) 2 

= 10 lbm X 100 lbf/in. 2 x ^ lbf _ ft /B tu x (°- 12996 ' 0.76629) ft 3 /lbm 

= -117.78 Btu 
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3.257 

A piston of 4 lbm is accelerated to 60 ft/s from rest. What constant gas pressure is 
required if the area is 4 in 2 , the travel 4 in. and the outside pressure is 15 psia? 

C.V. Piston 

(E 2 - Ei)pist. = m(u 2 - ui) + m[(l/2)V^ - 0] + mg (0 - 0) 

= (1/2) m \ 2 2 = 0.5 x 4 lbm x 60 2 (ft/s ) 2 
9 9 7200 

= 7200 lbm-ft 2 /s 2 = 32^74 ft-lbf 

Energy equation for the piston is: 

(E 2 — E] ) piST. = Wg as - W a tm = Pavg AVgas — P 0 AVg as 

AV gas = A L = 4 in 2 x 4 in = 16 in 3 

Pavg AV gas = (E 2 - Ei)pist. + P 0 AV gas 

Pavg = (E 2 - Ei)pist. / AVg as + Po 

7200 lbf-ft ... 9 

= r +15 lbf/in 

32.174 x 16 in 3 

= 167.84 psia + 15 psia = 182.8 psia 
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3.258 

Find the missing properties and give the phase of the substance. 

a. H 2 0 u = 1000 Btu/lbm, T= 270 F h = l v = ? jc = ? 

b. H 2 0 u = 450 Btu/lbm, P = 1500 lbf/in. 2 T=1 x = 7 v = ? 

c. R-410A T = 30 F, P = 120 lbf/in. 2 h = l x=l 

Solution: 

a) Table F.7. 1 : uf < u < u„ => 2-phase mixture of liquid and vapor 

x = (u - u f )/ Uf g = (1000 - 238.8 1)/854. 14 = 0.8912 

v = v f + x v fg = 0.01717 + 0.8912 x 10.0483 = 8.972 ft 3 /lbm 
h = h f + x h fg = 238.95 + 0.8912 x 931.95 = 1069.5 Btu/lbm 

( h = u + Pv = 1000 + 41.848 x 8.972 x 144/778) 

b) Table F.7.1: u < u f so compressed liquid B.1.3, x = undefined 

T = 471.8 F, v = 0.019689 ft 3 /lbm 

c) Table F.9.1: P > Psat => x = undef, compr. liquid 

Approximate as saturated liquid at same T, h = hf = 24.11 Btu/lbm 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


3.259 


Find the missing properties among (P, T, v, u, h) together with x, if applicable, 
and give the phase of the substance. 

a. R-410A T=50F, u = 85 Btu/lbm 

b. H 2 0 T=600F, h = 1322 Btu/lbm 

c. R-410A P= 1501bf/in. 2 , h = 135 Btu/lbm 


Solution: 

a) Table F. 9.1: u < u g => L+V mixture, P = 157.473 lbf/in 2 
x = (85 - 31.06)/ 78.96 = 0.6831 

v = 0.014 + 0.6831 x 0.3676 = 0.2653 ft 3 /lbm 
h = 31.47 + 0.6831 x 89.67 = 92.72 Btu/lbm 
b) Table F.7.1: h > h 2 => superheated vapor follow 600 F in F.7.2 

P = 200 lbf/in 2 ; v = 3.058 ft 3 /lbm ; u = 1208.9 Btu/lbm 


c) Table F. 9.1: h > h„ => superheated vapor so in F.9. 2 

T = 100 F ; v = 0.483 ft 3 /lbm 
u = 121.25 Btu/lbm 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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3.260 

Find the missing properties among (P, T, v, u, h) together qwith x if applicable 
and give the phase of the substance. 


a. 

R-134a 

T= 140 F, h = 185 Btu/lbm 

b. 

nh 3 

T= 170 F, P = 60 lbf/in. 2 

c. 

R-134a 

T= 100 F, u= 175 Btu/lbm 

Solution: 



a) Table F. 10.1: h>h g => x = undef, superheated vapor F. 10.2, 

find it at given T between saturated 243.9 psi and 200 psi to match h: 

185- 183 63 

V = 0. 1 836 + (0.2459 - 0. 1 836)x 186 82-183 63 = °- 2104 ft3/lbm 

185- 183.63 2 

P = 243.93 + (200 - 243.93)x g2 _ lg3 6g = 225 lbf/in 2 

b) Table F.8.1: P < P sat => x = undef. superheated vapor F. 8. 2, 

v = (6.3456 + 6.5694)/ 2 = 6.457 ft 3 /lbm 
u = h-Pv = (l/2)(694.59 + 705.64) - 60 x 6.4575 x (144/778) 

= 700.115-71.71 = 628.405 Btu/lbm 

c) Table F. 10.1: u > u„ => sup. vapor, 

Interpolate between 40 and 60 psia tables in F.10.2 

P = 40 + (40 - 20)(1 75 - 1 75 .57)/( 1 74.85 - 175.57) 

= 40 + 20 x 0.791667 = 55.8 lbf/in 2 ; 

v = 1.4015 + (0.9091 - 1.4015) x 0.791667 = 1.0117 ft 3 /lbm; 
h = 185.95 + (184.94 - 185.95) x 0.791667 = 185.15 Btu/lbm 
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3.261 

Ammonia at 30 F, quality 60% is contained in a rigid 8-ft 3 tank. The tank and 
ammonia are now heated to a final pressure of 150 lbf/in. 2 . Determine the heat 
transfer for the process. 

Solution: 


C.V.: NH 3 



Continuity Eq.: m 2 = mj = m ; 

Energy Eq.3.5: m(u 2 - u^ = jQ,, - ( W 2 

Process: Constant volume => v 0 = v 1 & ( W 2 = 0 

State 1: Table F.8.1 two-phase state. 

Vj = 0.02502 + 0.6 x 4.7978 = 2.904 ft 3 /lbm 
u x = 75.06 + 0.6 x 491.17 = 369.75 Btu/lbm 
m = V/v 1 = 8/2.904 = 2.755 lbm 

State 2: P 0 , v 0 = v 1 superheated vapor Table F.8.2 

=> T 2 = 258 F, u 2 = 661.42 Btu/lbm 
So solve for heat transfer in the energy equation 

: Q 2 = 2.755 lbm x (661.42 - 369.75) Btu/lbm = 803.6 Btu 
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3.262 

Saturated vapor R-410A at 30 F in a rigid tank is cooled to 0 F. Find the specific 
heat transfer. 


Solution: 

C.V.: R-410A in tank. m 2 = ; 

Energy Eq.3.5: (u 2 - up = : q 2 - jW 2 

Process: V = constant, v 0 = Vj = V/m => ( w 2 = 0 

Table F. 9.1: State 1: Vj =0.5426 ft 3 /lbm, u 1 = 108.63 Btu/lbm 
State 2: OF, v 2 = v 1 = V/m, look in Table F.9.1 at 0 F 


v 2 - v f2 0.5426 - 0.01295 


x 2 

u 2 


= 0.560595 


v f g 2 0.9448 

Uf2 + x 2 Uf g2 = 13.37 + x 2 x 92.75 = 65.365 Btu/lbm 


From the energy equation 

iq2 = (u 2 - uj) = ( 65.365 - 108.63 ) = -43.26 Btu/lbm 
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3.263 

Saturated vapor R-410A at 100 psia in a constant pressure piston cylinder is 
heated to 70 F. Find the specific heat transfer. 


Solution: 

C.V. R-410A: m 2 = m 1 = m; 

Energy Eq.3.5 (u 0 - u^ = ^ 

Process: P = const. =^> jW 2 = /Pdv = PAv = P(v 2 - Vj) 
State 1: Table F.9.2 (or F.9.1) hj = 119.38 Btu/lbm 
State 2: Table F.9.2 h 2 = 130.44 Btu/lbm 
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3.264 

A rigid tank holds 1.5 lbm R-410A at 100 F as saturated vapor. The tank is now 
cooled to 60 F by heat transfer to the ambient. Which two properties determine the 
final state. Determine the amount of work and heat transfer during the process. 


C.V. The R-410A, this is a control mass. 


2 


Process: Rigid tank V = C => 


v = constant & ] W 2 = / PdV = 0 


1 

Energy Eq.: U 2 ~U, = ,Q 2 - ,W 2 = ,Q 2 , 


State 1: Vj = 0.1657 ft 3 /lbm, 

u 1 = 111.7 Btu/lbm 

State 2: T, v => two-phase (straight down in 

P-v diagram from state 1) 



x 2 = (v - v f )/ V fg = (0.1657 - 0.0145 1)/0.3076 = 0.49151 
u 2 = u f + x 2 u fg = 34.78 + 0.49151 x 75.82 = 72.046 Btu/lbm 

lQ 2 = m(u 2 - uj) = 1.5 lbm (72.046 - 111.7) Btu/lbm = -59.5 Btu 
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3.265 

A cylinder fitted with a frictionless piston contains 4 lbm of superheated 
refrigerant R-134a vapor at 400 lbf/in. 2 , 200 F. The cylinder is now cooled so the 
R-134a remains at constant pressure until it reaches a quality of 75%. Calculate 
the heat transfer in the process. 

Solution: 

C.V.: R-134a m 2 = = m; 

Energy Eq.3.5 m(u 0 - up = jQ., - ( W 2 

Process: P = const. => jW 2 = /PdV = PAY = P(V 2 - Vp = Pm(v 0 - vp 



State 1: Table F.10.2 h 1 = 192.92 Btu/lbm 

State 2: Table F.10.1 h 2 = 140.62 + 0.75 x 43.74 = 173.425 Btu/lbm 

jQ 2 = m(u 2 - up + jW 2 = m(u 7 - up + Pm(v 2 - vp = m(h 2 - hp 
= 4 lbm x (173.425 - 192.92) Btu/lbm = -77.98 Btu 
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3.266 

A water-filled reactor with volume of 50 ft 3 is at 2000 lbf/in. 2 , 560 F and placed 
inside a containment room, as shown in Fig. P3.101. The room is well insulated 
and initially evacuated. Due to a failure, the reactor ruptures and the water fills the 
containment room. Find the minimum room volume so the final pressure does not 
exceed 30 lbf/in. 2 . 

C.V.: Containment room and reactor. 

Mass: m 2 = m 2 = V reac t or /vi = 50/0.02172 = 2295.7 lbm 

Energy Eq.: m(u 2 - uj) = jQ 2 - ]W 2 = 0 => u 2 = uj = 552.5 Btu/lbm 

State 2: 30 lbf/in. 2 , u 2 < ug => 2 phase Table F. 7.1 

u = 552.5 = 218.48 + x 2 869.41 => x 2 = 0.3842 

v 2 = 0.017 + 0.3842 x 13.808 = 5.322 ft 3 /lbm 

V 2 = mv 2 = 2295.7 lbm x 5.322 ft 3 /lbm = 12 218 ft 3 
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3.267 

Ammonia (1 lbm) is in a piston cylinder at 30 psia, 20 F is heated in a process 
where the pressure varies linear with volume to a state of 240 F, 40 psia. Find the 
work and the heat transfer in the process. 


Solution: 

Take CV as the Ammonia, constant mass. 

Continuity Eq.: m 2 = mj = m ; 

Process: P = A + BV (linear in V) 

State 1: Superheated vapor V] = 9.7206 ft 3 /lbm, 


144 


Uj = 622.39 - 30 x 9.7206 x 
State 2: Superheated vapor V 2 = 10.9061 ft 3 /lbm, 


= 568.4 Btu/lbm 


u 2 = 741.4 - 40 x 10.9061 x 144/778 = 660.65 Btu/lbm 
Work is done while piston moves at increasing pressure, so we get 

iW 2 = I P dV = area = P avg (V 2 - V x ) = \ (Pj + P 2 )m(v 2 - Vj) 

= 1/2(30 + 40) psi x 1 lbm (10.9061 - 9.7206) ft 3 /lbm 
= 41.493 psi-ft 3 = 41.493 xl44 lbf-ft = 5974.92 lbf-ft = 7.68 Btu 


(see conversions in A.l, p. 755) 

Heat transfer from the energy equation 

: Q 2 = m(u 2 - u : ) + iW 2 = 1 (660.65 - 568.4) + 7.68 = 99.93 Btu 
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3.268 

A piston cylinder arrangement with a linear spring similar to Fig. P3.105 contains 
R-134a at 60 F, x = 0.6 and a volume of 0.7 ft 3 . It is heated to 140 F at which 

point the specific volume is 0.4413 ft 3 /lbm. Find the final pressure, the work and 
the heat transfer in the process. 


Take CV as the R-134a. 

m 2 = m 1 =m ; m(u 2 - u^ = : Q 2 - iW 2 
State l:T^,xi => Two phase so Table F. 10.1: Pi = P sat = 72.271 psia 

vj = v f + x, v fg = 0.01291 + 0.6 x 0.6503 = 0.40309 ft 3 /lbm 
Uj = u f + Xi Ufg = 98.27 + 0.6 x 69.31 = 139.856 Btu/lbm 
m = V : /v ! = 0.7 ft 3 / 0.40309 ft 3 /lbm = 1.7366 lbm 
State 2: (T, v) Superheated vapor, Table F.10.2. 

P 2 = 125 psia, v 2 = 0.4413 ft 3 /lbm, u 2 = 180.77 Btu/lbm 

V 2 = m v 2 = 1 .7366 x 0.4413 = 0.76636 ft 3 
Work is done while piston moves at linearly varying pressure, so we get 
iW 2 = I P dV = area = P avg (V 2 - Vj) = 0.5(P 2 + Pj)( V 2 - Vp 

= 0.5 x (72.271 + 125) psia (0.76636 - 0.7) ft 3 
= 6.54545 x (144/778) Btu = 1.212 Btu 
Heat transfer is found from the energy equation 

jQ 2 = m(u 2 - uj) + jW 2 = 1.7366 x (180.77 - 139.856) + 1.212 

= 72.26 Btu 
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3.269 

Water in a 6-ft 3 closed, rigid tank is at 200 F, 90% quality. The tank is then 
cooled to 20 F. Calculate the heat transfer during the process. 

Solution: 

C.V.: Water in tank. m 2 = lrq ; m(u 2 - up = 1 Q 2 - 1 W 2 
Process: V = constant, V 2 = v 1? | W 2 = 0 


State 1: Two-phase L + V look in Table F.7.1 

vj = 0.01663 + 0.9 x 33.6146 = 30.27 ft 3 /lbm 
Uj = 168.03 + 0.9 x 906.15 = 983.6 Btu/lbm 


State 2: T 2 , V 2 = v 1 => mix of sat. solid + vap. Table F.7.4 
v 2 = 30.27 = 0.01744 + x 2 x 5655 => x 2 = 0.00535 
u 2 = -149.31 + 0.00535 xl 166.5 = -143.07 Btu/lbm 

m = V/vi = 6 ft 3 / 30.27 ft 3 /lbm = 0.198 lbm 
!Q 2 = m(u 2 - up = 0.198 lbm (-143.07 - 983.6) Btu/lbm = -223 Btu 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


3.270 

■J 

A constant pressure piston/cylinder has 2 lbm water at 1 100 F and 2.26 ft . It is 
now cooled to occupy 1/10 of the original volume. Find the heat transfer in the 
process. 

C.V.: Water m 2 = m l =m; 

Energy Eq.3.5 m(u 9 - = jQ 2 - j W 2 

Process: P = const. => jW 2 = /PdV = PAV = P(V 9 - Vp = Pm(v 2 - Vj) 

State 1: Table F.7.2 (T, Vl = V/m = 2.26/2 = 1.13 ft 3 /lbm) 

Pi = 800 psia, hj = 1567.81 Btu/lbm 

State 2: Table F.7.2 (P, v 2 = v^lO = 0. 1 13 ft 3 /lbm) two-phase state 

T 2 = 510 + (520 - 510)(800 - 743.53)/(8 11.48 - 743.53) = 518.3 F 
x 2 = (v 2 - v f )/v f g = (0.113 - 0.02087)/0.5488 = 0.1679 
h 2 = hf + x 2 hf 2 = 509.63 + x 2 689.62 = 625.42 Btu/lbm 

jQ 2 = m(u 9 - Uj) + | W 2 = m(h 2 - hj) 

= 2 (625.42 - 1567.81) = -1884.8 Btu 



V 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


Solids and Liquids 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.271 

I have 4 lbm of liquid water at 70 F, 15 psia. I now add 20 Btu of energy at a 
constant pressure. How hot does it get if it is heated? How fast does it move if it 
is pushed by a constant horizontal force? How high does it go if it is raised 
straight up? 


a) Heat at 15 psia. 

Energy equation: 

E 2 - Ei = jQ 2 - : W 2 = : Q 2 - P(V 2 - Vj) = H 2 - H 1= m(h 2 - hj) 
h 2 = hi + iQ 2 /m = 38.09 + 20/4 = 43.09 Btu/lbm 
Back interpolate in Table F.7. 1 : T 2 = 75 F 

(We could also have used AT = iQ 2 /mC = 20 / (4x1.00) = 5 F) 

b) Push at constant P. It gains kinetic energy. 


0.5 mV^ = iW 2 

V 2 = yj2 iW 2 /m = \jl x 20 x 778.17 lbf-ft/4 lbm 

= a/ 2 x 20 x 778.17 x 32.174 lbm-(ft/s) 2 /4 lbm = 500 ft/s 

c) Raised in gravitational field 
m g Z 2 = iW 2 


20 x 778.17 lbf-ft 
Z 2 - jW 2 /m g - 4 lbm x 32 . 174 f t / s 2 


lbm-ft/s 2 

x 32. 174 — ^ — = 3891 ft 


Comment: Notice how fast (500 ft/s) and how high it should be to have the same 
energy as raising the temperature just 5 degrees. I.e. in most 
applications we can disregard the kinetic and potential energies unless 
we have very high V or Z. 
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3.272 

A computer cpu chip consists of 0. 1 lbm silicon, 0.05 lbm copper, 0. 1 lbm 
polyvinyl chloride (plastic). It now heats from 60 F to 160 F as the computer is 
turned on. How much energy did the heating require? 

Energy Eq.: U 2 - U, = X m i( u 2 - u,)j = ,Q 2 - iW 2 

For the solid masses we will use the specific heats, Table F.2, and they all have 
the same temperature so 

Xmi(u 2 - Ul )i = i (T 2 - Tfr = (T 2 - j 

X m iC v i = 0. 1 X 0.167 + 0.05 X 0.1 + 0.1 x 0.229 = 0.0446 Btu/R 

U 2 - Uj = 0.0446 Btu/R x (160 - 60) R = 4.46 Btu 
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A copper block of volume 60 in. 3 is heat treated at 900 F and now cooled in a 3- 
ft 3 oil bath initially at 70 F. Assuming no heat transfer with the surroundings, 
what is the final temperature? 

C.V. Copper block and the oil bath. 

Also assume no change in volume so the work will be zero. 

Energy Eq.: U 2 - Uj = m met (u 2 - Ul ) met + m oil (u 2 - Uj)^ = : Q 2 - iW 2 = 0 

Solid and liquid Au = C v AT, C v from Table F.2 and F.3 

m met = Vp = 60 xl2’ 3 ft 3 x 518 lbm/ft 3 = 17.986 lbm 
m 0 ii = Vp = 3.0 ft 3 x 57 lbm/ft 3 = 171 lbm 
C v m et = 0. 10 Btu/lbm-R; C v 0 jj = 0.43 Btu/lbm-R 
Energy equation becomes 

m met Cy met (^2 ‘ T^met) + m oil Cy oil (^2 ' T^oil) = 0 
17.986 lbm x 0.10 Btu/lbm-R (T 2 - 900 F) 

+ 171 lbm x 0.43 Btu/lbm-R (T 2 -70 F) = 0 
=> T 2 = 89.8 F 
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Estimate the constant specific heats for R-134a from Table F.10.2 at 15 psia and 
150 F. Compare this to table F.4 and explain the difference. 

Solution: 


Using values at 15 psia for h and u at 140 F and 160 F from Table F.10.2, the 
approximate specific heats at 150 F are 

Ah 199.95 - 195.59 

C P ~ ~AT = 160 - 140 = °' 218 Btu/lbmR 

compared with 0.203 Btu/lbm-R for the ideal-gas value at 77 F from Table F.4. 


~ Au__ 188.03 - 184.08 
Cv ~ AT “ 160 - 140 


0.198 Btu/lbmR 


compared with 0.184 Btu/lbm-R for the ideal-gas value at 77 F from Table F.4. 


There are two reasons for the differences. First, R-134a is not exactly an ideal gas 
at the given state, 150 F and 15 psia. Second and by far the biggest reason for the 
differences is that R-134a, chemically CF 3 CH 2 , is a polyatomic molecule with 

multiple vibrational mode contributions to the specific heats (see Appendix C), such 
that they are strongly dependent on temperature. Note that if we repeat the above 
approximation for C p in Table F.10.2 at 77 F, the resulting value is 0.203 Btu/lbm R 
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Air is heated from 540 R to 640 R at V = C. Find iq 2 ? What if from 2400 to 
2500 R? 

Process: V = C -> | W 2 = 0 

Energy Eq.: u 2 -u 1 = 1 q 2 -0 -» x q 2 = u 2 - u : 

Read the u-values from Table F.5 

a) jq 2 = u 2 - Uj = 109.34 - 92.16 = 17.18 Btu/lbm 

b) jq 2 = u 2 - = 474.33 - 452.64 = 21.7 Btu/lbm 

case a) C v ~ 17.18/100 = 0.172 Btu/lbm-R, see F.4 

case b) C v « 21.7/100 = 0.217 Btu/lbm-R (26 % higher) 
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A 30-ft high cylinder, cross-sectional area 1 ft 2 , has a massless piston at the 
bottom with water at 70 F on top of it, as shown in Fig. P3.107. Air at 540 R, 
volume 10 ft 3 under the piston is heated so that the piston moves up, spilling the 
water out over the side. Find the total heat transfer to the air when all the water 
has been pushed out. 

Solution 


P 0 



A 


p 




The water on top is compressed liquid and has mass 
V H 20 = V, ot - Vai r = 30 x 1 - 10 = 20 ft 3 
m H20 = ^H2o/ v f = 20/0.016051 = 1246 lbm 

_ g 

Initial air pressure is: = Pq + m H2 og^ = 14.7 + ^ x ^44 = 23.353 psia 

PV 23.353 x 10 x 144 


and then 


m air — pj 


53.34 x 540 


= 1.1675 lbm 

3 


State 2: P 2 = Po = 14.7 lbf/inA V 2 = 30 x 1 = 30 ft 

1 W 2 = /PdV = i(P 1 +P 2 )(V 2 -V 1 ) 

= \ (23.353 + 14.7)(30 - 10)x 144 = 54 796 lbf-ft = 70.43 Btu 


State 2: P 2 , V 2 => T 2 = p y 


T l p 2 v 2 540x14.7x30 


= 1019.7 R 


23.353x10 

: Q 2 = m(u 2 - Ui) + iW 2 = 1.1675 x 0.171 (1019.7 - 540) + 70.43 

= 166.2 Btu 
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A closed rigid container is filled with 3 lbm water at 1 atm, 130 F, 2 lbm of 
stainless steel and 1 lbm of PVC (polyvinyl chloride) both at 70 F and 0.2 lbm of 
air at 700 R, 1 atm. It is now left alone with no external heat transfer and no water 
vaporizes. Find the final temperature and air pressure. 

CV. Container. 

Process: V = constant => ( W 2 = 0 and also given iQ 2 = 0 

Energy Eq.: U 2 - U, = ^m^ - = 2 Q 2 - |W 2 = 0 

For the liquid and the metal masses we will use the specific heats (Tbl F.3, F.4) 
so 

X m i(u 2 -U|)i = i (T 2 - Ti)i = T 2 ^ mi C v i - X m i c v i T l i 

noticing that all masses have the same T 2 but not same initial T. 

£ mi C vi = 3 x 1.0 + 2x0.11 + 1 x 0.229 + 0.2 x0.171 = 3.4832 Btu/R 
The T for air must be converted to F like the others. 

Energy Eq.: 3.4832 T 2 = 3 x 1 .0 x 130 + (2 x 0. 1 1 + 1 x 0.229) x 70 

+ 0.2 x 0.171 x (700 - 459.67) = 429.649 Btu 

T 2 = 123.35 F 

The volume of the air is constant so from PV = mRT it follows that P varies with 
T 

P 2 = P: T 2 /Tj air = 1 atm x (123.35 + 459.67) / 700 = 0.833 atm 
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An engine consists of a 200 lbm cast iron block with a 40 lbm aluminum head, 40 
lbm steel parts, 10 lbm engine oil and 12 lbm glycerine (antifreeze). Everything 
begins at 40 F and as the engine starts, it absorbs a net of 7000 Btu before it 
reaches a steady uniform temperature. We want to know how hot it becomes. 

Energy Eq.: U 2 - U 1= 2 Q 2 - {W 2 

Process: The steel does not change volume and the change for the liquid is 
minimal, so ^W 2 = 0. 

So sum over the various parts of the left hand side in the energy equation 

m Fe (u 2 - uj) + m A1 (u 2 - Uj) A1 + m st (u - u^ 

+ m oil (u 2 - u, ) oi ] + m gly (u 2 - u,) g | y = : Q 2 

Tbl F.2 : C Fe = 0.1 , C A1 = 0.215, C st =0.11 all units of Btu/lbm-R 
Tbl F.3 : C 0 jj = 0.46 , C g j y = 0.58 all units of Btu/lbm-R 
So now we factor out T 2 -Tj as u 2 - Uj = C(T 2 -Tj) for each term 


[ nip e Cp e + m A jC A j + m st C st + moil^oil m gly^'gly 1 (^2 Tj) — ] Q 2 
T 2 -T, = 1 Q 2 /Sm 1 C i 

7000 

- 200x 0.1 + 40x 0.215 + 40x 0.11 + 10 x0.46 + 12 x0.58 
7000 

- 44.56 R “ 157 R 

T 2 = T : + 157 F = 40 + 157 = 197 F 



Air intake filter Fan Radiator 

Atm. 
air 
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A car with mass 3250 lbm drives with 60 mi/h when the brakes are applied to 
quickly decrease its speed to 20 mi/h. Assume the brake pads are 1 lbm mass with 
heat capacity of 0.2 Btu/lbm R and the brake discs/drums are 8 lbm steel where 
both masses are heated uniformly. Find the temperature increase in the brake 
assembly. 

C.V. Car. Car looses kinetic energy and brake system gains internal u. 

No heat transfer (short time) and no work term, 
m = constant; 

1 2 2 

Energy Eq.3.5: E 2 - E : = 0 - 0 = m car 2 (V 2 - Vj) + m brake (u 2 - u : ) 

The brake system mass is two different kinds so split it, also use C v since we do 
not have a u table for steel or brake pad material. 

12 2 

m steel C v AT + m pad C v AT = m car 2^2 — ^ 1 ) 

(8x0.11 + 1x0.2) Btu/Rx AT 

= 3250 x0.5x (3600 - 400)xl.46667 2 /(32. 174x778) Btu 
= 446.9 Btu 

=> AT = 414 F 
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Water at 60 psia is brought from 320 F to 1800 F. Evaluate the change in specific 
internal energy using a) the steam tables, b) the ideal gas Table F.6, and the 
specific heat F.4 

Solution: 

a) 

State 1: TableF.7.3 Superheated vapor Uj = 1109.46 Btu/lbm 
State 2: Table F.7.3 u 2 = 1726.69 Btu/lbm 

u 2 - uj = 1726.69 - 1109.46 = 617.23 Btu/lbm 

b) 

Table F.6 at 780 R: u : = 1978.7 - 1.98589 x 780 = 429.71 Btu/lbmol 

Table F.6 at 2260 R: u 2 = 15894 - 1.98589 x 2260 = 11 406 Btu/lbmol 

u 2 - Ul = (11 406 - 429.71)/18.013 = 609.35 Btu/lbm 

c) Table F.4 : C vo = 0.337 Btu/lbm-R 

u 2 - uj = 0.337 Btu/lbm-R (1800 - 320) R = 498.8 Btu/lbm 
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A 65 gallons rigid tank contains methane gas at 900 R, 200 psia. It is now cooled 
down to 540 R. Assume ideal gas and find the needed heat transfer. 


Solution: 


•3 


Ideal gas and recall from Table A.l that 1 gal = 231 in , 

, 200 psi x 65 gal x 231 in 3 /gal 

m = PjV/RTj = 96 35 lbf _ ft/lbm _ R x 900 R x 12 in/ft = 2 ‘ 886 lbm 

Process: V = constant = => iW 2 = 0 

Use specific heat from Table F.4 

u 2 - ui = C v (T 2 - T : ) = 0.415 Btu/lbm-R (900 - 540) R 

= -149.4 Btu/lbm 

Energy Equation 

: Q 2 = m(u 2 - Uj) = 2.886 (-149.4) = -431.2 Btu 
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Oxygen at 50 lbf/in. 2 , 200 F is in a piston/cylinder arrangement with a volume of 
4 ft 3 . It is now compressed in a polytropic process with exponent, n = 1.2, to a 
final temperature of 400 F. Calculate the heat transfer for the process. 

Continuity: m 2 = mj ; Energy: E 2 - Ej = m(u 2 - u 2 ) = 2 Q 2 - | W 2 

State 1: T, P and ideal gas, small change in T, so use Table F.4 

PjVl 50 psi x 4 ft 3 x 144 in 2 /ft 2 
^ m “ RTj “ 48.28 lbf-ft/lbm-R x 659.67 R “ 0 ' 9043 lbm 


Process: PV n = constant 


mR 


lW 2 = ^ (P 2 v 2 - PtVi) = (T 2 - T l} = 


0.9043 x 48.28 400 - 200 


x 


778 


= - 56.12 Btu 

tQ 2 = m(u 2 - Ui) + ,W 2 = mC v (T 2 - Tj) + ,W 2 

= 0.9043 x 0.158 (400 - 200) - 56.12 = - 27.54 Btu 
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An air pistol contains compressed air in a small cylinder, as shown in Fig. P3.164. 
Assume that the volume is 1 in. 3 , pressure is 10 atm, and the temperature is 80 F 
when armed. A bullet, m = 0.04 lbm, acts as a piston initially held by a pin 
(trigger); when released, the air expands in an isothermal process (T = constant). If 
the air pressure is 1 atm in the cylinder as the bullet leaves the gun, find 

a. The final volume and the mass of air. 

b. The work done by the air and work done on the atmosphere. 

c. The work to the bullet and the bullet exit velocity. 

C.V. Air. Air ideal gas: 

PlVl 10 atm x 14.7 psi/atm x 1 in 3 _ 5 

m air = RXl = 53 34 ibf-ft/lbm-R x 539.67 R x 12 in/ft = 4,26x10 lbm 

Process: PV = const = P,V, = P 2 V 2 => V 2 = ViPi/P 2 = 10 in 3 

,W 2 = /PdV = PjVj / (1/V) dV = P l \ 1 ln( 

= 147 psi x 1 in 3 x ln(10) = 28.2 lbf-ft = 0.0362 Btu 
1 W 2,ATM = p o( v 2 ' v l) = 14 - 7 P si x 9 in 3 = 1 1.03 lbf-ft = 0.0142 Btu 

Wbullet = 1^2 - iW 2i atm = 0.022 Btu = ^ m bullet(^ex) 2 

V ex =(2W b ullet/ m B) 1/2 = (2x0.022x778x32.174 / 0.04) 1/2 = 165.9 ft/s 
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Helium gas expands from 20 psia, 600 R and 9 ft to 15 psia in a polytropic 
process with n = 1.667. How much heat transfer is involved? 


Solution: 

C.V. Helium gas, this is a control mass. 

Energy equation: m(u 2 - uj) = jQ 2 - iW 2 


Process equation: 
Ideal gas (F.4): 


PV n = constant = P^Vj = P 2 V 2 

20 psi x 9 ft 3 x 144 in 2 /ft 2 

m — PV/RT — c 

386 lbf . ft/lbm . R x 600 R 


= 0.112 lbm 


Solve for the volume at state 2 


V 2 = V 1 (P!/P 2 ) 1/n = 9 x 


vl5y 


0.6 


= 10.696 ft 3 


15 x 10.696 

t 2 = Tj p 2 y 2 /( p 1 \ 1 ) = 600 r 20x9 

Work from Eq.3.21 


534.8 R 


lW 2 = 


P 2 V 2 - P x V : 


1-n _ 1 - 1.667 

= 4223 lbf-ft = 5.43 Btu 


15 x 10.696-20x9 . . 

psi ft 3 = 29.33 psia ft 3 


Use specific heat from Table F.4 to evaluate u 2 - u R C v = 0.744 Btu/lbm R 
lQ 2 = m(u 2 - u^) + jW 2 = m C v (T 2 - Tj) + iW 2 

= 0.112 lbm x 0.744 Btu/lbm-R x (534.8 - 600) R + 5.43 Btu 

= -0.003 Btu 
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Water in a tank A is at 270 F with a quality of 10% and mass 1 lbm. It is 
connected to a piston cylinder holding constant pressure of 40 psia initially with 1 
lbm water at 700 F. The valve is opened and enough heat transfer takes place to 
have a final uniform temperature of 280 F. Find the final P and V, the process 
work and the process heat transfer. 

Solution: 

C.V. Water in A and B. Control mass goes through process: 1 -> 2 
Continuity Eq.: m 2 - m A j - m B i = 0 => m 2 = m A ^ + m B i = 1.0 + 1.0 = 2 lbm 

Energy Eq.: U 2 - U! = : Q 2 - iW 2 

State Al: v A1 = 0.01717 + x A1 x 10.0483 = 1.022; V A1 =mv = 1.022 ft 3 

u A1 = 238.81 + 0.1 x 854.14 = 324.22 Btu/lbm 
State Bl: vgj = 17.196 ft 3 /lbm; u B j = 1255.14 Btu/lbm 

=> V B ^ = mgiVgi = 17.196 ft 3 

State 2: If V 2 > V A1 then P 2 = 40 psia that is the piston floats. 

For (T 2 , P 2 ) = (280 F, 40 psia) => superheated vapor U 2 = 1097.31 Btu/lbm 

v 2 = 10.711 ft 3 /lbm V 


The possible state 2 (P,V) 
combinations are shown. State a 
is 40 psia, v a = V A1 /m 2 = 0.5 1 1 

and thus two-phase T a = 267.3 F 
less than T 2 

Process: X W 2 = P 2 (V 2 - Vj) = 40 

From the energy Eq.: 

1 Q 2 = m 2 u 2 -m A1 u A1 -m B1 u B1 + ,W 2 

= 2 x 1097.31 - 1.0 x 324.22 - 1.0 x 1255.14 + 23.72 

= 638.98 Btu 
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Two rigid tanks are filled with water as shown in Fig. P.3.214. Tank A is 7 ft 3 at 1 

atm, 280 F and tank B is 1 1 ft 3 at saturated vapor 40 psia. The tanks are connected 
by a pipe with a closed valve. We open the valve and let all the water come to a 
single uniform state while we transfer enough heat to have a final pressure of 40 
psia. Give the two property values that determine the final state and find the heat 
transfer. 


Solution: 

State Al: u = 1102.4 Btu/lbm, v = 29.687 ft 3 /lbm 
=> m A1 = V/v = 7.0/29.687 = 0.236 lbm 

State Bl: u = 1092.3 Btu/lbm, v = 19.501 ft 3 /lbm 

=>m B1 = V/v = 11.0/ 19.501 = 0.564 lbm 


The total volume (and mass) is the sum of volumes (mass) for tanks A and B. 
m 2 = m A1 + m B1 = 0.236 + 0.564 = 0.800 lbm, 

V 2 = V A1 + V B1 =7.0+ 11.0= 18.0 ft 3 


=> y 2 = V 2 /m 2 = 18.0 /0.800 = 22.5 ft 3 /lbm 
State 2: [P 2 , v 2 ] = [40 psia, 22.5 ft 3 /lbm] 

=> T 2 = 1053.5 F and u 2 = 1395.1 Btu/lbm 


The energy equation is (neglecting kinetic and potential energy) 
m 2 u 2 - m A u A1 - m B u B1 = : Q 2 - : W 2 = : Q 2 
: Q 2 = 0.800 x 1395.1 - 0.236 x 1102.4 - 0.564 x 1092.3 

= 239.9 Btu 
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A vertical cylinder fitted with a piston contains 10 lbm of R-410A at 50 F, shown 
in Fig. P3.173. Heat is transferred to the system causing the piston to rise until it 
reaches a set of stops at which point the volume has doubled. Additional heat is 
transferred until the temperature inside reaches 120 F, at which point the pressure 
inside the cylinder is 200 lbf/in. 2 . 

a. What is the quality at the initial state? 

b. Calculate the heat transfer for the overall process. 

Solution: 

C.V. R-410A. Control mass goes through process: 1 -> 2 -> 3 

As piston floats pressure is constant (1 -> 2) and the volume is constant for the 
second part (2 -> 3). So we have: v 3 = v 2 = 2 x v 1 

State 3: Table F.9.2 (P,T) v 3 = 0.3652 ft-Vlbm, u 3 = 123.5 Btu/lbm 




So we can determine state 1 and 2 Table F.9.1: 

vj =0.1826 = 0.01420 + x 1 (0.3636) => x : = 0.463 

u : = 31.06 + 0.463x78.96 = 67.6 Btu/lbm 

State 2: v 2 = 0.3652 ft 3 /lbm, P 2 = P 1 = 157.5 psia, this is still 2-phase. 

We get the work from the process equation (see P-V diagram) 

2 

,W 3 = ,W 2 = / PdV = Pj(V 2 - Vi) 

1 

= 157.5 psia x 10 lbm (0.3652 - 0.1826) ft 3 /lbm x 144 (in/ft) 2 
= 41 413.7 lbf-ft = 53.2 Btu 
The heat transfer from the energy equation becomes 

: Q 3 = m(u 3 - u : ) + jW 3 = 10(123.5 - 67.6) + 53.2 = 612.2 Btu 
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A piston cylinder shown in Fig. P3.169 contains 18 ft 3 of R-410A at 300 psia, 300 
F. The piston mass and atmosphere gives a pressure of 70 psia that will float the 
piston. The whole setup cools in a freezer maintained at 0 F. Find the heat transfer 
and show the P-v diagram for the process when T 2 = 0 F. 

Solution: 

C.V.: R-410A. Control mass. 


Continuity: m = constant, 

Energy Eq.3.5: m(u 2 - u^ = jQ 0 - ( W 2 

Process: FnI< = FT = P A = P„ ; „A + F stQ p 


air 


if V < V 


stop 


F stop = ® 


This is illustrated in the P-v diagram shown below. 


a Po ji 






R-410A 




State 1: Vj = 0.3460 ft 3 /lbm, u x = 159.95 Btu/lbm 
=> m = V/v = 52.023 lbm 

State 2: T-, and on line => compressed liquid, see figure below. 

v 2 = Vf = 0.01295 ft 3 /lbm => V 2 = 0.674 ft 3 ; u 2 = Uf = 13.37 Btu/lbm 

jW 2 = /PdV = P lift (V 2 - Vi) = 70 psi (0.674 - 18) ft 3 x 144 in 2 /ft 2 

= - 174 646 lbf-ft = -224.5 Btu 
Energy eq. => 

jQ 2 = 52.023 (13.37 - 159.95) - 224.5 = -7850 Btu 
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A setup as in Fig. P3.169 has the R-410A initially at 150 psia, 120 F of mass 0.2 
lbm. The balancing equilibrium pressure is 60 psia and it is now cooled so the 
volume is reduced to half the starting volume. Find the heat transfer for the 
process. 


Solution: 

Take as CV the 0.2 lbm of R-410A. 
Continuity Eq.: m 2 = lrq = m ; 

Energy Eq.3.5 m(u 2 - u : ) = : Q 2 - iW 2 


Process Eq.: 

State 1: (P, T) => 



p = p float or v = C = Vj, 
v, = 0.5099 ft 3 /lbm 
Uj = 125.28 Btu/lbm 

State 2: (P, v) => v 2 = v^/2 = 0.2550 ft 3 /lbm < v g , so it is two-phase. 

x 2 = (v 2 - v f ) /v f g = (0.255 - 0.0129)/0.9911 = 0.2443 
u 2 = Uf + x 2 Ufg = 12.57 + x 2 93.33 = 35.37 Btu/lbm 

From process eq.: ] W 2 = J P dV = area = mP 2 (v 2 - vj) 


From energy eq.: 


= 0.2 lbm x 60 psi (0.255 - 0.5099) ft 3 /lbm xl44 in 2 /ft 
= 440.5 lbf-ft = - 0.57 Btu 

: Q 2 = m(u 2 - uj) + jW 2 = 0.2x (35.37 - 125.28) - 0.57 

= -18.55 Btu 
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A piston cylinder contains air at 150 psia, 1400 R with a volume of 1.75 ft . The 
piston is pressed against the upper stops, see Fig. P3.14-C and it will float at a 
pressure of 110 psia. Now the air is cooled to 700 R. What is the process work 
and heat transfer? 


CV. Air, this is a control mass 

Energy Eq.3.5 m(u 2 - uj) = - ^W 2 

Process Eq.: P = Pfloat or v = C = v 1; 

State 1: u = 247.04 Btu/lbm, 

m = PV/RT = 150 psi x 1.75 ft 3 /(53.34 lbf-ft/lbm-R x 1400 R) = 0.506 lbm 
We need to find state 2. Let us see if we proceed past state la during the cooling. 

T la = T l Pfloat / p l = 1400 R x 1 10 / 150 = 1026.67 R 


so we do cool below T la . That means the piston is floating. Write the ideal gas 
law for state 1 and 2 to get 


mRT 2 PjVjTg 150 x 1,75 x 700 
V 2 — P 2 “ P 2 T : _ 110x1400 


1.1932 ft 3 


lW 2 = i a W 2 = jpdV = P 2 (V 2 -V 1 ) 

= 110 psia X (1.1932 - 1.75) ft 3 = -8819.7 lbf-ft = -11.34 Btu 
From the energy equation 

tQ 2 = m(u 2 - u : ) + ,W 2 

= 0.506 lbm x (119.7 - 247.04) Btu/lbm - 11.34 Btu 

= -75.8 kj 
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A mass of 6 lbm nitrogen gas at 3600 R, V = C, cools with 1 Btu/s. What is 
dT/dt? 


Process: V = C -» jW 2 = 0 


dE 

dt 


dU dU dT • 

= dT = " r dT = mC v dT = Q - w = Q = - 1 Btu/S 


_ dh _ Ah h 380Q - h 34Q0 25857 - 22421 

C P 3600 _ dT _ AT _ 3800-3400 - 400x 28.013 


0.3066 Btu/lbm-R 


C v 3600 = Cp 3600 - R = 0.3066 - 55.15 / 778 = 0.2357 Btu/lbm-R 


dT _ Q _ -1 Btu/s R 

dt “ mC v “6 x 0.2357 Btu/R “ '°‘ 71 s 

Remark: Specific heat from Table F.4 has C v 300 = 0.178 Btu/lbm-R which is 
nearly 25% lower and thus would over-estimate the rate with 25%. 
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A crane use 7000 Btu/h to raise a 200 lbm box 60 ft. How much time does it take? 


Power = W = FV = mgV = mgy 
32.174 

F = mg = 200 32 ]74 lbf = 200 lbf 

_ FL _ 200 lbf x 60 ft _ 200 x 60 x 3600 
t- W~ 7000 Btu/h _ 7000x778.17 S 

= 7.9 s 



Recall Eq. on page 9: 1 lbf = 32.174 lbm ft/s 2 , 1 Btu = 778.17 lbf-ft (A. 1) 
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A computer in a closed room of volume 5000 fd dissipates energy at a rate of 10 
kW. The room has 100 lbm of wood, 50 lbm of steel and air, with all material at 
540 R, 1 atm. Assuming all the mass heats up uniformly how long time will it 
take to increase the temperature 20 F? 

C.V. Air, wood and steel. m 2 = m 1 ; no work 
Energy Eq.3.5: U 2 - Uj = jQ 2 = QAt 

The total volume is nearly all air, but we can find volume of the solids. 

Vwood = m/p = 100/44.9 = 2.23 ft 3 ; V steel = 50/488 = 0.102 ft 3 
V air = 5000 - 2.23 - 0.102 = 4997.7 ft 3 
m air = PV/RT = 14.7x4997.7x144/(53.34x540) = 367.3 lbm 
We do not have a u table for steel or wood so use specific heat. 

AU = [m a j r C v + rn wooc j C v + rn s ^ ee j C v ] AT 

= (367.3 x 0.171 + 100 x 0.3 + 50 x 0.1 1) Btu/F x 20 F 
= 1256.2 + 600 +110 = 1966 Btu = Q x At = (10/1.055) x At 
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Water is in a piston cylinder maintaining constant P at 330 F, quality 90% with a 

volume of 4 ft. A heater is turned on heating the water with 10 000 Btu/h. What 
is the elapsed time to vaporize all the liquid? 

Solution: 

Control volume water. 

Continuity Eq.: m tot = constant = m vapor + m liq 

• • • • • 
on a rate form: m tot = 0 = m vapor + m liq => m liq = -m vapor 

• • • • • • 

Energy equation: U = Q - W = m vapor u fg = Q - P m vapor v fg 

Rearrange to solve for m vapor 

m vapor ( u fg P y fg) — m vapor ^fg — Q 

From table F.7.1 

h fg = 887.5 Bt/lbm, vj = 0.01776 + 0.9 4.2938 = 3.8822 ft 3 /lbm 
m l = Vj/vj = 4/3.8822 = 1.0303 lbm, m liq = (l-x 1 )m 1 = 0.10303 lbm 


• 10 000 Btu/h 

m va P or - Q /h fg - 887 .5 Btu/lbm 


11.2676 lbm/h = 0.00313 lbm/s 


At = mj iq / m vapor = 0.10303 / 0.00313 = 32.9 s 
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A piston/cylinder has 2 lbm of R-134a at state 1 with 200 F, 90 lbf/in. 2 , and is 
then brought to saturated vapor, state 2, by cooling while the piston is locked with 
a pin. Now the piston is balanced with an additional constant force and the pin is 
removed. The cooling continues to a state 3 where the R-134a is saturated liquid. 
Show the processes in a P-V diagram and find the work and heat transfer in each 
of the two steps, 1 to 2 and 2 to 3. 

Solution : 


C.V. R-134a This is a control mass. Properties from table F.10.1 and F.10.2 

State 1: (T,P) => v = 0.7239 ft 3 /lbm, u = 194.605 Btu/lbm 

State 2 given by fixed volume and x 2 = 1.0, v 2 = Vj = Vg => j W 2 = 0 


T 2 = 50 + 10 x 


0.7239-0.7921 

0.6632-0.7921 


= 55.3 F, 


P 2 = 60.311 + (72.271 - 60.311) x 0.5291 = 66.64 psia 


u 2 = 164.95 + (166.28 - 164.95) x 0.5291 = 165.65 Btu/lbm 
From the energy equation }Q 2 = m(u 2 - u^ + 1 W 2 = m(u 2 - uj) 

= 2 (165.65 - 194.605) = -57.91 Btu 
State 3 reached at constant P (F = constant) state 3: P3 = P 2 and 

v 3 = v f = 0.01271 + (0.01291 - 0.01271) x 0.5291 = 0.01282 ft 3 /lbm 
u 3 = u f = 91.68 + (94.95 - 91.68) x 0.5291 = 93.41 Btu/lbm 


{W 3 = ] W 2 + 2 w 3 = 0 + 2 W 3 = Jp dV = P(V 3 -V 2 ) = mP(v 3 -v 2 ) 
= 2x 66.64 (0.01282 - 0.7239) = - 17.54 Btu 


From the energy equation 

2 Q 3 = m(u 3 - u 2 ) + 2 W 3 = 2(93.41 - 165.65) - 17.54 = -162.02 Btu 
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A force of 300 lbf moves a truck with 40 mi/h up a hill. What is the power? 


Solution: 


W = F V = 300 lbf x 40 (mi/h) 

1609.3 x 3.28084 lbf-ft 


= 12 000 x 


3600 


= 17 600 = 22.62 Btu/s 
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Find the rate of conduction heat transfer through a 1.5 cm thick hardwood board, 
k = 0.09 Btu/h-ft-R, with a temperature difference between the two sides of 40 F. 

One dimensional heat transfer by conduction, we do not know the area so 

2 

we can find the flux (heat transfer per unit area Btu/ft h). 
t = 1.5 cm = 0.59 in. = 0.0492 ft 

• • AT Btu 40 R 2 

q = Q/A = k Ax = 0.09 h ft R x 0 0492 ft = 73.2 Btu/ft -h 
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A water-heater is covered up with insulation boards over a total surface area of 30 
ft 2 . The inside board surface is at 175 F and the outside surface is at 70 F and the 
board material has a conductivity of 0.05 Btu/h ft F. How thick a board should it 
be to limit the heat transfer loss to 720 Btu/h ? 


Solution: 


Steady state conduction through a single layer 
board. 


Q cond — k A 
Ax = 0.05 


AT 
Ax 

Btu 


h-ft-R 


x 


=> Ax = k A AT/Q 
30 ft 2 (175-70) R/ 720 Btu/h 


= 0.219 ft = 2.6 in 
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The sun shines on a 1500 ft 2 road surface so it is at 1 15 F. Below the 2 inch thick 
asphalt, average conductivity of 0.035 Btu/h-ft-F, is a layer of compacted rubbles 
at a temperature of 60 F. Find the rate of heat transfer to the rubbles. 

Solution: 


Q = k 


A 


AT 

Ax 


= 0.035 


Btu 

h-ft-R 


1500 ft 2 x 


115- 60 R 
2/12 ft 


= 17325 Btu/h 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


Review Problems 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


3.300 

A cylinder having an initial volume of 100 ft 3 contains 0.2 lbm of water at 100 F. 
The water is then compressed in an isothermal quasi-equilibrium process until it 
has a quality of 50%. Calculate the work done in the process assuming water 
vapor is an ideal gas. 


Solution: 


State 1: Tj, Vj = V/m = yy = 500 ft 3 /lbm ( > v g ) 

since P g = 0.95 psia, very low so water is an ideal gas from 1 to 2. 

v g 350 9 

Pj = p g x ^ = 0.950 x = 0.6652 lbf/in 2 

V 2 = mv 2 = 0.2 lbm *350 ft 3 /lbm = 70 ft 3 

v 3 = 0.01613 + 0.5x(350 - 0.01613) = 175.0 ft 3 /lbm 

For ideal gas and constant T the work term follows Eq. 3.21 

r V 2 144 70 

jW 2 = / PdV = PjV! In = 0.6652 x y^ x 100 In = -4.33 Btu 

For the constant pressure part of the process the work becomes 

2 W 3 = P 2 m(v 3 - v 2 ) = 0.95 psi x 0.2 lbm x(175 - 350) ft 3 /lbm xl44 in 2 /ft 2 

= -4788 lbf-ft = -6.15 Btu 
jW 3 = - 6.15 - 4.33 = -10.48 Btu 
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A piston/cylinder contains 2 lbm of water at 70 F with a volume of 0.1 fd, shown 
in Fig. P3.225. Initially the piston rests on some stops with the top surface open to 
the atmosphere, Po, so a pressure of 40 lbf/in. 2 is required to lift it. To what 
temperature should the water be heated to lift the piston? If it is heated to 
saturated vapor find the final temperature, volume, and the heat transfer. 

Solution: 

C.V. Water. This is a control mass. 

m 2 = mj = m ; m(u 2 - u : ) = : Q 2 - : W 2 


State 1 : 20 C, vj = V/m = 0. 1/2 = 0.05 ft 3 /lbm 

x = (0.05 - 0.01605)/867.579 = 0.0003913 
Ul = 38.09 + 0.0003913x995.64 = 38.13 Btu/lbm 
To find state 2 check on state la: 

P = 40psia, v = vj = 0.05 ft 3 /lbm 
Table F.7.1: v f < v < v g = 10.501, Xi a >0 



State 2 is saturated vapor at 40 psia as state la is two-phase. T 2 = 267.3 F 

v 2 = vg = 10.501 ft 3 /lbm , V 2 = m v 2 = 21.0 ft^, u 2 = ug= 1092.27 Btu/lbm 
Pressure is constant as volume increase beyond initial volume. 

: W 2 = j P dV = P nft (V 2 -V,) = 40 (21.0 - 0.1) x 144 / 778 = 154.75 Btu 
: Q 2 = m(u 2 - u : ) + {W 2 = 2 (1092.27 - 38.13) + 154.75 = 2263 Btu 
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A twenty pound-mass of water in a piston/cylinder with constant pressure is at 
1100 F and a volume of 22.6 ft 3 . It is now cooled to 100 F. Show the P-v diagram 
and find the work and heat transfer for the process. 

Solution: 

C.V. Water 

Energy Eq. 3. 5: iQ 2 = m(u 2 - Uj) + ( W 2 = m(h 2 - h|) 

Process Eq.: Constant pressure => ( W 2 = mP(v 2 - Vj) 

Properties from Table F.7.2 and F.7.3 

State l:T b vj = 22.6/20 = 1.13 ft 3 /lbm, P : = 800 lbf/in 2 , hj = 1567.8 Btu/lbm 

State 2: 800 lbf/in 2 , 100 F 

=> v 2 = 0.016092 ft 3 /lbm, h 2 = 70.15 Btu/lbm 



The work from the process equation is found as 

,W 2 = 20 lbm x 800 psi x(0.016092 - 1.13) ft 3 /lbm x 144 in 2 /ft 2 

= -2 566 444 lbf-ft = -3299 Btu 
The heat transfer from the energy equation is 

jQ 2 = 20 lbm x(70.15 - 1567.8) Btu/lbm = -29 953 Btu 
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A cylinder fitted with a frictionless piston contains R-134a at 100 F, 80% quality, 
at which point the volume is 3 Gal. The external force on the piston is now varied 
in such a manner that the R-134a slowly expands in a polytropic process to 50 
lbf/in .2, 80 F. Calculate the work and the heat transfer for this process. 

Solution: 

C.V. The mass of R- 134a. Properties in Table F.10.1 

v l = Vf + x ] vfg= 0.01387 + 0.8 x 0.3278 = 0.2761 ft 3 /lbm 
u : = 108.51 + 0.8 x 62.77 = 158.73 Btu/lbm; Pj = 138.926 psia 

m = V/vj = 3 x 231 x 12' 3 / 0.2761 = 0.401/ 0.2761 = 1.4525 lbm 
State 2: v 2 = 1.1035 ft 3 /lbm (sup.vap.); u 2 = 171.32 Btu/lbm 


(linear interpolation is not so accurate as v is more like ~ 1/P) 
Process: n = In 


P A i / 2 


,w 2 


=1 


PdV = 


P 2 V! 

P 2 V 2 - Pi V 


138.926 1.1035 

= In — ™ — / In = 0.7376 


50 


0.2761 


1 v l 


1-n 


50 x 1,1035 
1 


138.926 x 0,2761 
0.7376 


x 1.4525 x 


144 

778 


= 17.23 Btu 


: Q 2 = m(u 2 - u : ) + ,W 2 = 1.4525 (171.32 - 158.73) + 17.23 = 35.5 Btu 
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Ammonia, NH3, is contained in a sealed rigid tank at 30 F, x = 50% and is then 
heated to 200 F. Find the final state P2, U2 and the specific work and heat transfer. 

Solution: 

Continuity Eq.: m 2 = m 1 ; 

Energy Eq.3.5: E 2 - Ej = : Q 2 ; (jW 2 = 0) 

Process: V 2 = Vj => v 2 = Vj = 0.02502 + 0.5 x 4.7945 = 2.422 ft 3 /lbm 
State 1: Table F.8.1, Uj = 75.06 + 0.5 x 491.17 = 320.65 Btu/lbm 
Table F. 8. 2: v 2 & T 2 => between 150psia and 175 psia 



P 2 = 163 lbf/in 2 , u 2 = 633.5 Btu/lbm 
linear interpolation 


Process equation gives no displacement: ^2 = 0; 

The energy equation then gives the heat transfer as 

iq 2 = u 2 - U] = 633.5 - 320.65 = 312.85 Btu/lbm 
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Water in a piston/cylinder, similar to Fig. P3.225, is at 212 F, x = 0.5 with mass 1 
lbm and the piston rests on the stops. The equilibrium pressure that will float the 
piston is 40 psia. The water is heated to 500 F by an electrical heater. At what 
temperature would all the liquid be gone? Find the final (P,v), the work and heat 
transfer in the process. 

C.V. The 1 lbm water. 

Continuty: m 2 = mj = m ; Energy: m(u 2 - uj) = ^ 2 - ] W 2 

Process: V = constant if P < P lift otherwise P = P lift see P-v diagram. 

State 1: (T,x) Table F.7.1 

v : = 0.01672 + 0.5 x 26.7864 = 13.4099 ft 3 /lbm 
u : = 180.09 + 0.5 x 897.51 = 628.845 Btu/lbm 

State la: (40 psia, v = Vj > v g 4 o ps i a = 10.501 ft 3 /lbm) so superheated vapor 
Piston starts to move at state la, ( W la = 0, 

State lb: reached before state la so v = = v ? see this in F.7.1 

T lb = 250 + 10 (13.40992 - 13.8247)/(1 1.7674 - 13.8247) = 252 F 
State 2: (T 2 > T la ) Table F.7.2 => v 2 = 14.164, u 2 = 1180.06 Btu/lbm 
Work is seen in the P-V diagram (when volume changes P = P b f t ) 

1 W 2 = la W 2 = P 2 m ( v 2 - v l) 

= 40 psi x 1 lbm (14.164 - 13.4099) ft 3 /lbm xl44 in 2 /ft 2 
= 4343.5 lbf-ft = 5.58 Btu 
Heat transfer is from the energy equation 

lQ 2 = 1 lbm (1180.06 - 628.845) Btu/lbm + 5.58 Btu = 556.8 Btu 

P 0 

55 

p q 

Hp 
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An insulated cylinder is divided into two parts of 10 ft 3 each by an initially locked 
piston. Side A has air at 2 atm, 600 R and side B has air at 10 atm, 2000 R as 
shown in Fig. P3.151. The piston is now unlocked so it is free to move, and it 
conducts heat so the air comes to a uniform temperature T\ = 7g. Find the mass 
in both A and B and also the final T and P. 

C.V. A + B . Then X Q 2 = 0 , {W 2 = 0 . 

Force balance on piston: P A A = PgA , so final state in A and B is the same. 

State 1A: u^i = 102.457 Btu/lbm; 

PV 29.4 psi xlQ ft 3 x!44 in 2 /ft 2 
m A- RT - 53.34 lbf-ft/lbm-Rx600 R “ 1323 lbm 

State IB: u B1 = 367.642 Btu/lbm ; 

_ PV _ 147 psi xlQ ft 3 x!44 in 2 /ft 2 _ 

111 B “ RT “ 53.34 lbf-ft/lbm-Rx 2000 R “ 1,984 lbm 

For chosen C.V. ]Q 2 = 0 , jW 2 = 0 so the energy equation becomes 
m A (u 2 - Ui) A + m B (u 2 - U!) B = 0 

( m A + m B) u 2 = m A u Al + m B u B 1 

= 1.323 x 102.457 + 1.984 x 367.642 = 864.95 Btu 
u 2 = 864.95 Btu/3.307 lbm = 261.55 Btu/lbm => T 2 = 1475 R 

3.307 lbm x 53.34 lbf-ft/lbm-R x 1475 R 
P - m tot RT 2 /V tot - 2Q ft3 x 144 in 2 /ft 2 

= 90.34 lbf/in 2 
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In-Text Concept Questions 
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A mass flow rate into a control volume requires a normal velocity component. 
Why? 


The tangential velocity component does not bring any substance across the 
control volume surface as it flows parallel to it, the normal component of velocity 
brings substance in or out of the control volume according to its sign. The normal 
component must be into the control volume to bring mass in, just like when you 
enter a bus (it does not help that you run parallel with the bus side). 




4.b 

Can a steady state device have boundary work? 

No. Any change in size of the control volume would require either a 
change in mass inside or a change in state inside, neither of which is possible in a 
steady- state process. 
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4.c 

Can you say something about changes in m and V through a steady flow device? 

The continuity equation expresses the conservation of mass, so the total 

amount of m entering must be equal to the total amount leaving. For a single flow 
device the mass flow rate is constant through it, so you have the same mass flow 
rate across any total cross-section of the device from the inlet to the exit. 

The volume flow rate is related to the mass flow rate as 
V = v m 

so it can vary if the state changes (then v changes) for a constant mass flow rate. 

• 

This also means that the velocity can change (influenced by the area as V = VA) 
and the flow can experience an acceleration (like in a nozzle) or a deceleration (as 
in a diffuser). 


4.d 

In a multiple device flow system, I want to determine a state property. Where 
should I be looking for information — upstream or downstream? 


Generally flow is affected more by what happened to it which is upstream 
than what is in front of it. Only the pressure information can travel upstream and 
give rise to accelerations (nozzle) or decelerations (stagnation type flow). Heat 
transfer that can heat or cool a flow can not travel very fast and is easily 
overpowered by the convection. If the flow velocity exceeds the speed of sound 
even the pressure information can not travel upstream. 
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4.e 

How does a nozzle or sprayhead generate kinetic energy? 


By accelerating the fluid from a high pressure 
towards the lower pressure, which is outside the 
nozzle. The higher pressure pushes harder than 
the lower pressure so there is a net force on any 
mass element to accelerate it. 



What is the difference between a nozzle flow and a throttle process? 

In both processes a flow moves from a higher to a lower pressure. In the 
nozzle the pressure drop generates kinetic energy, whereas that does not take 
place in the throttle process. The pressure drop in the throttle is due to a flow 
restriction and represents a loss. 
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If you throttle a saturated liquid what happens to the fluid state? What if this is 
done to an ideal gas? 

The throttle process is approximated as a constant enthalpy process. 
Changing the state from saturated liquid to a lower pressure with the same h gives 
a two-phase state so some of the liquid will vaporize and it becomes colder. 



If the same process happens in an ideal gas then same h gives the same 
temperature (h a function of T only) at the lower pressure. 
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4.h 

A turbine at the bottom of a dam has a flow of liquid water through it. How does 
that produce power? Which terms in the energy equation are important if the CV 
is the turbine only? If the CV is the turbine plus the upstream flow up to the top of 
the lake, which terms in the energy equation are then important? 


The water at the bottom of the dam in the turbine inlet is at a high 
pressure. It runs through a nozzle generating kinetic energy as the pressure drops. 
This high kinetic energy flow impacts a set of rotating blades or buckets, which 
converts the kinetic energy to power on the shaft and the flow leaves at low 
pressure and low velocity. 




CV Turbine only. 

The high P in and the low P out shows up in the (h = u + Pv) flow terms of the 
energy equation giving the difference in the flow work terms Pv in and out. 

CV Turbine plus upstream flow. 

For this CV the pressures in and out are the same (1 atm) so the difference is in 
the potential energy terms (gz) included in h tot . 
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If you compress air the temperature goes up, why? When the hot air, high P flows 
in long pipes it eventually cools to ambient T. How does that change the flow? 

As the air is compressed, volume decreases so work is done on a mass 
element, its energy and hence temperature goes up. If it flows at nearly 
constant P and cools, its density increases (v decreases) so it slows down 

• 

for same mass flow rate ( m = pAV ) and flow area. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


A mixing chamber has all flows at the same P, neglecting losses. A heat 
exchanger has separate flows exchanging energy, but they do not mix. Why have 
both ki nds? 

You might allow mixing when you can use the resulting output mixture, 
say it is the same substance. You may also allow it if you definitely want the 
outgoing mixture, like water out of a faucet where you mix hot and cold water. 
Even if it is different substances it may be desirable, say you add water to dry air 
to make it more moist, typical for a winter time air-conditioning set-up. 


In other cases it is different substances that flow at different pressures with 
one flow heating or cooling the other flow. This could be hot combustion gases 
heating a flow of water or a primary fluid flow around a nuclear reactor heating a 
transfer fluid flow. Here the fluid being heated should stay pure so it does not 
absorb gases or radioactive particles and becomes contaminated. Even when the 
two flows have the same substance there may be a reason to keep them at separate 
pressures. 



An open mixing chamber 


A closed tube in shell heat exchanger. 
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4.k 

An initially empty cylinder is filled with air from 20°C, 100 kPa until it is full. 
Assuming no heat transfer is the final temperature larger, equal to or smaller than 

20°C? Does the final T depend on the size of the cylinder? 


This is a transient problem with no heat transfer and no work. The balance 
equations for the tank as C.V. become 

Continuity Eq.: m 2 - 0 = nij 

Energy Eq.: m 2 u 2 ~ 0 = mjhj + Q - W = rnjhj + 0-0 


Final state: 


u 2 = h i = u i + p i v i & p 2 = p i 


T 2 > Tj and it does not depend on V 
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Concept-Study Guide Problems 
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4.1 

A temperature difference drives a heat transfer. Does a similar concept apply to m? 

Yes. A pressure difference drives the flow. The fluid is accelerated in the 
direction of a lower pressure as it is being pushed harder behind it than in front of 
it. This also means a higher pressure in front can decelerate the flow to a lower 
velocity which happens at a stagnation point on a wall. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


4.2 

What kind of effect can be felt upstream in a flow? 

Only the pressure can be felt upstream in a subsonic flow. In a supersonic 
flow no information can travel upstream. The temperature information travels by 
conduction and even small velocities overpowers the conduction with the 
convection of energy so the temperature at a given location is mainly given by the 
upstream conditions and influenced very little by the downstream conditions. 

4.3 

Which one of the properties (P, v, T) can be controlled in a flow? How? 

Since the flow is not contained there is no direct control over the volume 
and thus no control of v. The pressure can be controlled by installation of a pump 
or compressor if you want to increase it or use a turbine, nozzle or valve through 
which the pressure will decrease. The temperature can be controlled by heating or 
cooling the flow in a heat exchanger. 
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4.4 

Air at 500 kPa is expanded to 100 kPa in two steady flow cases. Case one is a 
nozzle and case two is a turbine, the exit state is the same for both cases. What 
can you say about the specific turbine work relative to the specific kinetic energy 
in the exit flow of the nozzle? 

For these single flow devices let us assume they are adiabatic and that the turbine 
does not have any exit kinetic energy then the energy equations become: 

12 12 

Energy Eq.4.13 nozzle: lq+ y V 1 + gZj = I 12 + 5" + g Z 2 


Energy Eq.4.13 turbine: lq+ y + gZ^ = I 12 + gZ 2 + wj 

1 2 

Comparing the two we get ~ = wj so the result is that the nozzle delivers 

kinetic energy of the same amount as the turbine delivers shaft work. 
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4.5 

Pipes that carry a hot fluid like steam in a power plant, exhaust pipe for a diesel 
engine in a ship etc. are often insulated. Is that to reduce the heat loss or is there 
another purpose? 

You definitely want to insulate pipes that carry hot steam from the boiler to the 
turbines in a power plant and pipes that flows hot water from one location to 
another. Even if the energy in the flow is unwanted the pipes should be insulated 
for safety. Any place that people could touch a hot surface (or very cold surface) 
there is a risk of a bum and that should be avoided. 
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4.6 

A windmill takes a fraction of the wind kinetic energy out as power on a shaft. In 
what manner does the temperature and wind velocity influence the power? Hint: 
write the power as mass flow rate times specific work. 

The work as a fraction f of the flow of kinetic energy becomes 
W = liiw = m f \ Vf n = pAV in f \ V? 

so the power is proportional to the velocity cubed. The temperature enters through 
the density, so assuming air is ideal gas 

p = 1/v = P/RT 

and the power is inversely proportional to temperature. 



A windmill farm west of Denmark in the North Sea. 
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4.7 

An underwater turbine extracts a fraction of the kinetic energy from the ocean 
current. In what manner does the temperature and water velocity influence the 
power? Hint: write the power as mass flow rate times specific work. 

The work as a fraction f of the flow of kinetic energy becomes 
W = mw = mf| V? = pAV in f \ V? 

so the power is proportional to the velocity cubed. The temperature enters through 
the density, so assuming water is incompressible density is constant and the 
power does not vary with the temperature. 



A proposed underwater tidal flow turbine farm. Each turbine is for 1 MW with a 
diameter of 1 1.5 m mounted on the seafloor. 
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4.8 

A liquid water turbine in the bottom of a dam takes energy out as power on a 
shaft. Which term(s) in the energy equation are changing and important? 

The water at the bottom of the dam in the turbine inlet is at a high 
pressure. In a standard turbine it runs through blade passages like a propeller. In 
this case the inlet high pressure is used directly to generate the force on the 
moving blades. 

For a Pelton turbine the water runs through a nozzle generating ki netic 
energy as the pressure drops. The high kinetic energy flow impacts a set of 
rotating buckets and converts the flow kinetic energy to power on the shaft so the 
flow leaves at low pressure and low velocity. 



From Environmental Energy Technologies Division of the Lawrence Berkeley National Laboratory, and the U.S. 

Department of Energy 
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4.9 

You blow a balloon up with air. What ki nd of work terms including flow work do 
you see in that case? Where is the energy stored? 

As the balloon is blown up mass flow in has flow work associated with it. Also as 
the balloon grows there is a boundary work done by the inside gas and a smaller 
boundary work from the outside of the balloon to the atmosphere. The difference 
between the latter two work terms goes into stretching the balloon material and 
thus becomes internal energy (or you may call that potential energy) of the 
balloon material. The work term to the atmosphere is stored in the atmosphere and 
the part of the flow work that stays in the gas is stored as the gas internal energy. 
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4.10 

A storage tank for natural gas (NG) has a top dome that can move up or down as 
gas is added or subtracted from the tank maintaining 1 10 kPa, 290 K inside. A 
pipeline at 1 10 kPa, 290 K now supplies some NG to the tank. Does it change 
state during the filling process? What happens to the flow work? 

As the pressure inside the storage tank is the same as in the pipeline the state does 
not change. However the tank volume goes up and work is done on the moving 
boundary at the 110 kPa so this work equals the flow work. The net effect is the 
flow work goes into raising the dome. 
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Continuity equation and flow rates 
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4.11 

2 

A large brewery has a pipe of cross sectional area a 0.2 m" flowing carbon 

dioxide at 400 kPa, 10°C with a volume flow rate of 0.3 m 3 /s. Find the velocity 
and the mass flow rate. 


m = AV/v = V/v 

v = RT/P = 0.1889 kJ/kg-K x 283.15 YU 400 kPa = 0.1337 m 3 /kg 

m = V/ v = (0.3 m 3 /s) / (0. 1337 m 3 /kg) = 2.24 kg/s 
V = V / A = 0. 1337 (m 3 /s) / 0.2 m 2 = 0.67 m/s 
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4.12 

Air at 35°C, 105 kPa, flows in a 100 mm x 150 mm rectangular duct in a heating 
system. The mass flow rate is 0.015 kg/s. What are the velocity of the air flowing 
in the duct and the volume flow rate? 


Solution: 

Assume a constant velocity across the duct area with 

A = 100 x 150 xlO’ 6 m 2 = 0.015 m 2 
Ideal gas so: 


v = 


RT _ 0.287 kJ/kg-K x 308.2 K 
P _ 105 kPa 


= 0.8424 nr /kg 


and the volumetric flow rate from Eq. 4.3, 


V = mv = AV = 0.015 kg/s x 0.8424 m 3 /kg = 0.01264 m 3 /s 

.. V 0.01264 m 3 /s 

V = ~r = 9 — = 0.84 m/s 

A 0.015 m 2 
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4.13 

A pool is to be filled with 60 m water from a garden hose of 2.5 cm diameter 
flowing water at 2 m/s. Find the mass flow rate of water and the time it takes to 
fill the pool. 

Solution: 

With constant velocity we have 

V = mv = AV = n x (0.025 m) ~ x 2 m/s = 0.003927 m 3 /s 

At = V / V = 60 m 3 / (0.003927 m 3 /s) = 15279 s = 4 h 14 min 39 s 

From table A. 3 we get the water density 

m = V/ v = pV = 997 kg/ m 3 x 0.003927 m 3 /s = 3.9 kg/s 
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4.14 

An empty bathtub has its drain closed and is being filled with water from the 
faucet at a rate of 10 kg/min. After 10 minutes the drain is opened and 4 kg/min 
flows out and at the same time the inlet flow is reduced to 2 kg/min. Plot the mass 
of the water in the bathtub versus time and determine the time from the very 
beginning when the tub will be empty. 

Solution: 

During the first 10 minutes we have 
dm cv . 

= rrij = 10 kg/min , Am = m Atj = 10 x 10 = 100 kg 
So we end up with 100 kg after 10 min. For the remaining period we have 


dm 


cv 


dt 


= nij - m e = 2 - 4 = -2 kg/min 

Am 


Am 2 = m net At 2 At 2 = = -100/-2 = 50 min 

m net 

So it will take an additional 50 min. to empty 


At tot = At 2 + At 2 = 10 + 50 = 60 min. 
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4.15 

A flat channel of depth 1 m has a fully developed laminar flow of air at P G , T 0 

with a velocity profile as: V = 4V C x(H - x)/H“, where V c is the velocity on the 

center-line and x is the distance across the channel as shown in Fig. P4.15. Find 
the total mass flow rate and the average velocity both as functions of V c and H. 


m = AV/v = V/v 

Since the velocity is distributed we need to integrate over the area. From Eq.4.2 

v = / V, ocal dA = / V(x) W dx 
where W is the depth. Substituting the velocity we get 

V = f 4V C (x/H) (1 - x/H) W dx 

1 

= 4 V c WH / z (1 - z) dz (z = x/H) 

0 

1 o 1 Q | 1 2 2 

= 4 V c WH (2 z 2 - 3 z 3 )l 0 = 3 V C WH = 3 V C A 

2 

Average velocity: V = V /A = j V c 

2 

Mass flow rate: m = V/v = j V c WH/v 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


4.16 

Nitrogen gas flowing in a 50-mm diameter pipe at 15°C, 200 kPa, at the rate of 
0.05 kg/s, encounters a partially closed valve. If there is a pressure drop of 30 kPa 
across the valve and essentially no temperature change, what are the velocities 
upstream and downstream of the valve? 

Solution: 


Same inlet and exit area: 


A = | (0.050) 2 


2 


RTi 0.2968 kJ/kg-K x 288.2 K 
Ideal gas: v i = 1 r = 

From Eq.6.3, 


= 0.001963 m 


= 0.4277 nr /kg 


V,= 


mv i 0.05 kg/s x 0.4277 m j /kg 


A 


0.001963 m' 


= 10.9 m/s 


RT e 0.2968 kJ/kg-K x 288.2 K , 

Ideal gas: v e = ^— = 170 kPa = 0.5032 nrVkg 


V e= A 


mv e 0.05 kg/s X 0,5032 m 3 /kg 


0.001963 m 


2 


= 12.8 m/s 
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4.17 

A boiler receives a constant flow of 5000 kg/h liquid water at 5 MPa, 20°C and it 
heats the flow such that the exit state is 450°C with a pressure of 4.5 MPa. 
Determine the necessary minimum pipe flow area in both the inlet and exit pipe(s) 
if there should be no velocities larger than 20 m/s. 


Solution: 

Mass flow rate from Eq. 4.3, both V < 20 m/s 

1 

m i = m e = (AV/v) j = (AV/v) e = 5000 ^qq kg/s 
Table B.1.4 Vj = 0.001 m 3 /kg, 

Table B.1.3 v e = (0.08003 + 0.0633)/2 = 0.07166 m 3 /kg, 

a 5000 , 

Aj > Vj m/Vj = 0.001 nr /kg x ^qq kg/s / 20 m/s 
= 6.94 x 10' 5 m 2 = 0.69 cm 2 
A e > v e m/V e = 0.07166 nr /kg x ^qq kg/s / 20 m/s 
= 4.98 x 10' 3 m 2 = 50 cm 2 


Exit 

Superheated vapor 


Q boiler 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


4.18 

A 0.6 m diameter household fan takes air in at 98 kPa, 20°C and delivers it at 105 

kPa, 21°C with a velocity of 1.5 m/s. What are the mass flow rate (kg/s), the inlet 

velocity and the outgoing volume flow rate in m /s? 

Solution: 


Continuity Eq. 
Ideal gas 


nij = m e = AV/ v 
v = RT/P 


Area : A = | D 2 = |x 0.6 2 = 0.2827 m 2 
V e = AV e = 0.2827 xl.5 = 0.4241 m 3 /s 



0.287 x (21 +273) 
105 


= 0.8036 m 3 /kg 


mj = V e /v e = 0.4241/0.8036 = 0.528 kg/s 



A Vi /Vj = mj = AV e / v ( 


RT; 


Vj = v e X (vj/Vg) = V e X — = 1.5 

1 i v e 


x 


0.287 kJ/kg-K x (20 + 273) K 
98 kPa x 0.8036 m 3 /kg 


= 1.6 m/s 
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4.19 

An airport ventilation system takes 2.5 m 3 /s air at 100 kPa, 17°C into a furnace 

and heats it to 52°C and delivers the flow to a duct with cross-sectional area 0.4 

m at 1 10 kPa. Find the mass flow rate and the velocity in the duct? 

Solution: 


The inflate flow is given by a nij 
Continuity Eq.: lrq = V) / Vj = m e = A e V e /v ( 


Ideal gas: Vj = “j^ 

‘i 


RTi 0.287 X 290 


= 0.8323 


m' 


100 “ kg 

RT e 0.287 X (52 + 273) 


v e — p 


110 



= 0.8479 nrVkg 

mj = Vj/vj = 2.5 (m 3 /s) /0.8323 (m 3 /kg) = 3.004 kg/s 


V e = m v e / A e = 


3.004 x 0.8479 m 3 /s 


0.4 


= 6.37 m/s 


m 
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Single flow single device processes 

Nozzles, diffusers 
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4.20 

Liquid water at 15°C flows out of a nozzle straight up 15 m. What is nozzle V ex j t ? 

12 12 

Energy Eq.4. 13: h exit + j V exit + gH exit = h 2 + 2 V 2 + gH 2 

If the water can flow 15 m up it has specific potential energy of gH 2 which must 

2 

equal the specific kinetic energy out of the nozzle V exit /2. The water does not 
change P or T so h is the same. 

V exi/ 2 = S( H 2 - H exit) = gH => 

V exit = y/2gH = y/2 x 9.807 x 15 m 2 /s 2 = 17.15 m/s 
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4.21 

A nozzle receives an ideal gas flow with a velocity of 25 m/s, and the exit is at 
100 kPa, 300 K with a velocity of 250 m/s. Determine the inlet temperature if the 
gas is argon, helium or nitrogen. 

Solution: 

• • 

C.V. Nozzle: mj = m e & assume no heat transfer => 

Energy Eq.4.13: + \ vf =\ + h e => h i = h e + |vf-|vf 

hi - h e * C p ( Tj - T e ) = \ (vf - vf ) = \ ( 250 2 - 25 2 ) m 2 /s 2 

= 30937.5 J/kg = 30.938 kJ/kg 
Specific heats for ideal gases are from table A. 5 


Argon 

C p = 0.52 kJ/kg K; 

AT = 

30.938 _ 
0.52 

T } = 359.5 K 

Helium 

C p = 5.913 kJ/kg K; 

AT = 

30.938 __ 

5.193 ~ 5 ' 96 

Ti = 306 K 

Nitrogen 

C p = 1 .042 kJ/kg K; 

AT = 

30.938 _ _ 

1.042 ~ 29J 

Ti = 330 K 



Low V - —i HiV 


Hi P, A CZ- ' Low P, A 
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4.22 

A diffuser receives 0.1 kg/s steam at 500 kPa, 350°C. The exit is at 1 MPa, 400°C 
with negligible kinetic energy and the flow is adiabatic. Find the diffuser inlet 
velocity and the inlet area. 

Solution: 

Energy Eq.4.13: 1^+ y \l\ + gZ ( = h 2 + \ V 2 + gZ 2 

Process: Z 1 = Z 2 

State 1: Table B.1.3 hj = 3167.65 kJ/kg, Vj = 0.57012 m 3 /kg 

State 2: V 2 = 0 , Table B.1.3 h 2 = 3263.88 kJ/kg 

Then from the energy equation 

\ Vj = h 2 - hj = 3263.88 - 3167.65 = 96.23 kJ/kg 

V : = ^2(h 2 - h 2 ) = y/2 x 96.23 x 1000 = 438.7 m/s 
The mass flow rate from Eq.4.3 

m = pAV = AV/v 

A = mv/V = 0.1 kg/s x 0.57012 m 3 /kg / 438.7 m/s = 0.00013 m 2 = 1.3 cm 2 


r 


Inlet 


Hi V 
Low 



Exit 



Low V 
Hi P, A 
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4.23 

In a jet engine a flow of air at 1000 K, 200 kPa and 30 m/s enters a nozzle, as 
shown in Fig. P4.23, where the air exits at 850 K, 90 kPa. What is the exit 
velocity assuming no heat loss? 

Solution: 

C.V. nozzle. No work, no heat transfer 
Continuity riij = m c = m 

Energy : m (hj + ViVj 2 ) = m(h e + ViV e 2 ) 

Due to high T take h from table A.7. 1 

Vi V e 2 = Vi Vj 2 + hj -h e 

= (30) 2 + 1046.22 - 877.4 

= 0.45 + 168.82= 169.27 kJ/kg 

V e = (2000 x 169.27) 1/2 = 581.8 m/s 
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4.24 

In a jet engine a flow of air at 1000 K, 200 kPa and 40 m/s enters a nozzle where 
the air exits at 500 m/s, 90 kPa. What is the exit temperature assuming no heat 
loss? 

Solution: 

C.V. nozzle, no work, no heat transfer 
Continuity ihj = m e = m 

Energy : m (hj + 1/2 Vj 2 ) = m(h e + V^V e 2 ) 

Due to the high T we take the h value from Table A.7. 1 
h e = h, + 1/2 - i/ 2 V e 2 

= 1046.22 kJ/kg + 0.5 x (40 2 - 500 2 ) m 2 /s 2 x (1/1000) kJ/J 
= 1046.22 - 124.2 = 922.02 kJ/kg 

Interpolation in Table A.7.1 

922.02 - 877.4 

T e — 850 + 50 t5 877 4 — K 



500 m/s 
90 kPa 
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4.25 

Superheated vapor ammonia enters an insulated nozzle at 30°C, 1000 kPa, shown 
in Fig. P4.25, with a low velocity and at the steady rate of 0.01 kg/s. The 
ammonia exits at 300 kPa with a velocity of 450 m/s. Determine the temperature 
(or quality, if saturated) and the exit area of the nozzle. 

Solution: 

C.V. Nozzle, steady state, 1 inlet and 1 exit flow, insulated so no heat transfer. 

2 2 

Energy Eq.4.13: q + hj + V- /2 = h e + V /2, 

1 C 

Process: q = 0, Vj = 0 

Table B.2.2: = 1479.1 = h e + 450 2 /(2x 1000) => h e = 1377.85 kJ/kg 

Table B.2.1: P e = 300 kPa Sat. state at -9.24°C : 

h e = 1377.85 = 137.89 + x e x 1293.82, 

=> x e = 0.9584, v e = 0.001536 + x e x 0.40566 = 0.3903 m 3 /kg 
A e = ihgVg/Vg = 0.01 x 0.3903 / 450 = 8.67 x 10' 6 m 2 


Low V 
HiP, A 


Exit 

Hi V 
Low P, A 
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4.26 

The wind is blowing horizontally at 30 m/s in a storm at Pq. 20°C toward a wall, 

where it comes to a stop (stagnation) and leaves with negligible velocity similar to 
a diffuser with a very large exit area. Find the stagnation temperature from the 
energy equation. 

Solution: 

1 ,,2 1 . ,2 

Energy Eq.: hj + ^ + gZj = h 2 + 2 V 2 + gZ 2 

Process: Zj = Z 2 and V 2 = 0 

h2 = hi + 2 Vj 

T 2 = T! + ^ x (V j / C p ) 

= 293 K + | x (30 m/s) 2 / (1.004 kJ/kg-K x 1000 J/kJ) 

= 293.45 K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


4.27 

A sluice gate dams water up 5 m. There is a small hole at the bottom of the gate 

so liquid water at 20°C comes out of a 1 cm diameter hole. Neglect any changes 
in internal energy and find the exit velocity and mass flow rate. 

Solution: 

Energy Eq.4.13: 1^+ + gZq = h 2 + \ V 2 + gZ 2 

Process: hj = h 2 both at P = 1 atm 

Vj = 0 Z 1 =Z 2 + 5m 



|V2 = g(Z,-Z2 ) 

V 2 = ^/2g(Zj - Z 2 ) = ^2 X 9.806 x 5 = 9.902 m/s 
m = pAV = AV/v = f D 2 x ( V 2 /v) 

= j x (0.01) 2 m 2 x (9.902 m/s) / (0.001002 m 3 /kg) = 0.776 kg/s 
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4.28 

A diffuser, shown in Fig. P4.28, has air entering at 100 kPa, 300 K, with a 

velocity of 200 m/s. The inlet cross-sectional area of the diffuser is 100 mm . At 

the exit, the area is 860 mm , and the exit velocity is 20 m/s. Determine the exit 
pressure and temperature of the air. 

Solution: 

• • 

Continuity Eq.4.3: in; = AjVj/vj = m e = A e V e /v e , 

1 2 1 2 

Energy Eq.(per unit mass flow) 4. 13: hj + yVj = h e + yV e 

h e - hj = | x200 2 /1000 - \ x20 2 /1000 = 19.8 kJ/kg 

T e = Tj + (h e - hj)/C p = 300 + TjMwi&K = 31972 K 
Now use the continuity equation and the ideal gas law 



/A e VA 


6A e V e 3 


v e = v i 


= (RTj/Pj) 

v 

= RT e /P e 



(' T A 

1 e 

fAiVO 


f3 19.723 

000x2003 


P - P- 
r e r i 

W 

A V 

V^e v t) 

= 100 kPa 

l 300 J 

v 860 x 20 y 

= 123.92 kPa 


Exit 

Low V 
Hi P, A 
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4.29 

A meteorite hits the upper atmosphere at 3000 m/s, where the pressure is 0.1 atm 
and the temperature is -40°C. How hot does the air become right in front of the 
meteorite assuming no heat transfer in this adiabatic stagnation process? 

Solution: 

1 . ,2 1 .,2 

Energy Eq.: ^ + 2 V 1 + § Z 1 = h 2 + 2 V 2 + § Z 2 

Process: Z 1 = Z 2 and V 2 = 0 

h 2 = h i + 2^1 

T 2 = Ti + 2 x (Vj/Cp) = 233 + 2 x 1 qq 4 x jqqq = 4715 K 


At this high temperature we cannot assume constant specific heats, so use A. 7 


1 ..2 


1 3000 2 


h 2 = hi + t Vj = 233.3 + 2 x ^qqq” = 4733.3 kJ/kg 


Table A.7 is listed to 3000 K so we have to extrapolate to get 


T 2 = 3000 + 50 


4733.3 - 3525.36 
3525.36 - 3460.73 


= 3935 K 


The value of C p over 3000 K is 1.293 kJ/kgK from the last two table entries. At 

this temperature there will be some chemical reactions that should be considered 
to have a more realistic temperature. 
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4.30 

The front of a jet engine acts similar to a diffuser, receiving air at 900 km/h, 
-5°C, 50 kPa, bringing it to 80 m/s relative to the engine before entering the 
compressor. If the flow area is increased to 120% of the inlet area, find the 
temperature and pressure in the compressor inlet. 

Solution: 

C.V. Diffuser, Steady state, 1 inlet, 1 exit flow, no q, no w. 

• • 

Continuity Eq.4.3: nq = m e = (AV/v) 


Energy Eq.4.12: m ( hj + \ ) = m ( \ f + h e ) 


he - hi = C p ( T e - Ti ) =* V? . -± vf -± ~ i W 2 

= \ (250) 2 - \ (80) 2 = 28050 J/kg = 28.05 kJ/kg 


AT = 28.05/1.004 = 27.9 
Now use the continuity eq.: 

AjVj /vi = A e V e /v e 


T e = -5 + 27.9 = 22.9°C 


/A e V e 3 


v e = v i 


vAiV iy 


1.2 x 80 

v e = v i x x x 250 = v i x 0384 

Ideal gas: Pv = RT => v e = RT e /P e = RT j x 0.384/Pi 

P e = Pi (T e /T i)/0.384 = 50 kPa x 296/(268 x 0.384) = 143.8 kPa 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


Throttle flow 
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4.31 

R-410A at -5°C, 700 kPa is throttled, so it becomes cold at -40°C. What is the 
exit P? 

C.V. Throttle. Steady state, 

Process with: q = w = 0; and Vj = V e , Zj = Z e 

Energy Eq. 4. 13: hj = h e , 

Inlet state: Table B.4.1 hj = 50.22 kJ/kg (slightly compressed liquid) 

Exit state: Table B.4.1 since h < h„ = 262.83 kJ/kg it is two-phase 

P = Psat = 175 kPa 
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4.32 

Carbon dioxide is throttled from 20°C, 2 MPa to 800 kPa. Find the exit 
temperature assuming ideal gas behavior and repeat for real-gas behavior. 


C.V. Throttle (valve, restriction), Steady flow, 1 inlet and exit, no q, w 
Energy Eq. 4. 13: hj = h e 


Ideal gas: 
Real gas : 


same h gives Tj = T e = 20°C 


Iq = h e = 368.42 kJ/kg) 
P e = 0.8 MPa 


Table B.3.2 

T e = 5.3°C ( = 278 K) 


Comment: As you go towards lower P 
it becomes closer to ideal gas and the 
constant h curve bends to become 
horizontal (h becomes fct of T only) 
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4.33 

Saturated liquid R-134a at 25°C is throttled to 300 kPa in a refrigerator. What is 
the exit temperature? Find the percent increase in the volume flow rate. 

Solution: 

Steady throttle flow. Assume no heat transfer and no change in kinetic or 
potential energy. 


h e = hj = h f 25 °c = 234.59 kJ/kg = h f e + x e h f „ e at 300 kPa 

From table B.5.1 we get T e = T sat ( 300 kPa ) = 0.56°C 

Let’s use 0°C for the following (we could interpolate to get at 0.56°C) 

h e -hfe 234.59-200 

x P = — ; = , no ,, — =0.1744 

hfge 198.36 

v e = v f + x e v fg = 0.000773 + x e 0.06842 = 0.0127 m 3 /kg 

v i = Vf 25 °c = 0.000829 m 3 /kg 

V = mv so the ratio becomes 

Ve _ Ve _ 0.0127 
. _ . _ v; _ 0.000829 " 1532 

Vj mvj 

So the increase is 14.32 times or 1432 % 
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4.34 

A supply line has a steady flow of R-410A at 1000 kPa, 60°C from which a flow 
is taken out through a throttle with an exit flow at 300 kPa. Find the exit 
temperature. 


C.V. Throttle. Steady state, 

Process with: q = w = 0; and Vj = V e , Zj = Z e 

Energy Eq. 4. 13: hj = h e , 

Inlet state: Table B. 4. 2 hj = 335.75 kJ/kg 

Exit state: Table B.4.2 since h > h g 

335.75 - 327.22 

Interpolate: T = 40 + 20 344 gj _ 327 22 = 49.7°C, 
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4.35 

Carbon dioxide used as a natural refrigerant flows out of a cooler at 10 MPa, 
40°C after which it is throttled to 1.4 MPa. Find the state (T, x) for the exit flow. 

C.V. Throttle. Steady state, 

Process with: q = w = 0; and V) = V e , Zj = Z e 

Energy Eq. 4. 13: hj = h e , 

Inlet state: Table B.3.2 hj = 200.14 kJ/kg 

Exit state: Table B. 3.1 since h < h g = 323.87 kJ/kg 

Interpolate: T = -30.6°C, h t = 19.2 kJ/kg, h fg = 304.67 kJ/kg 

x = (200.14 - 19.2) / 304.67 = 0.594 
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4.36 

Liquid water at 180°C, 2000 kPa is throttled into a flash evaporator chamber 
having a pressure of 500 kPa. Neglect any change in the kinetic energy. What is 
the fraction of liquid and vapor in the chamber? 

Solution: 

Energy Eq.4.13: lq + + gZ ( = h 2 + \ V 2 + gZ 2 

Process: Zj = Z 2 and V 2 = Vf 

=> h 2 = h 1 = 763.71 kJ/kg from Table B. 1.4 
State 2: P 2 & h 2 => 2 - phase 

h 2 = hf + x 2 h f „ 

763.71 -640.21 

x 2 — (h 2 _ hf ) / hfg- 2108 47 — 0.0586 

Fraction of Vapor: x 2 = 0.0586 (5.86 %) 

Liquid: 1 - x 2 = 0.941 (94.1 %) 



Two-phase out of the 
valve. The liquid drops 
to the bottom. 
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4.37 

Helium is throttled from 1.2 MPa, 20°C, to a pressure of 100 kPa. The diameter of 
the exit pipe is so much larger than the inlet pipe that the inlet and exit velocities 
are equal. Find the exit temperature of the helium and the ratio of the pipe 
diameters. 

Solution: 


C.V. Throttle. Steady state, 

Process with: q = w = 0; and Vj = V e , 

Energy Eq. 4. 13: hj = h e , Ideal gas => 


• _ AV 
m “ RT/P 


But m, V, T are constant => 


Zj — Z e 

Tj = T e = 20°C 
PiAi = PgA e 




Dg 

Di 


fP.il 

v p ey 


1/2 


0 / 2 > 

vO.ly 


1/2 


3.464 
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4.38 

Methane at 1 MPa, 300 K is throttled through a valve to 100 kPa. Assume no 
change in the kinetic energy. What is the exit temperature? 


Solution: 


Energy Eq. 4.13: 
Process: 

State 1, Table B.7.2: 
Use energy eq.: 

State 2: P 2 & 

T 2 = 

Notice if it had been 


hi + 2 Vi + gZj - h 2 + 2 V 2 + gZ 2 
Zi = Z 2 and V 2 = Vi 
h : = 618.76 kJ/kg 
=> h 2 = hi = 618.76 kJ/kg 



look in B.7.2 : Superheated vapor 


275 + 25 
ideal gas 


618.76 - 572.36 
627.58 -572.36 _ 296 K 
then T 2 = Ti 
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4.39 

R-134a is throttled in a line flowing at 25 °C, 750 kPa with negligible kinetic 
energy to a pressure of 165 kPa. Find the exit temperature and the ratio of exit 
pipe diameter to that of the inlet pipe (D ex /D in ) so the velocity stays constant. 

Solution: 

Energy Eq.4. 13: hf + \ m \ + gZ 1 = h 2 + \ V 2 + gZ 2 

Process: Zf = Z 2 and V 2 = V 1 

State 1, Table B.5.1: hf = 234.59 kJ/kg, vj = v f = 0.000829 m 3 /kg 

Use energy eq.: => h 2 = h 1 = 234.59 kJ/kg 

State 2: P 2 & h 2 => 2 -phase and T 2 = T sat (165 kPa) = -15°C 

h 2 = hf + x 2 hf g = 234.59 kJ/kg 
x 2 = (h 2 - h f ) / h fg = (234.59 - 180.19) / 209 = 0.2603 

v 2 = v f + x 2 x v fg = 0.000746 + 0.2603 x 0.11932 = 0.0318 m 3 /kg 
Now the continuity equation with V 2 = Vf gives, from Eq.4. 3, 

m = pAV = A V/v = A] V|/v] = (A 2 Vf) / v 2 

(A 2 / Af) = v 2 / Vf =(D 2 /Df) 

(D 2 /Df) = (v 2 / Vf)° 5 = (0.0318 / 0.000829) 0 ’ 5 = 6.19 
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Turbines, Expanders 
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4.40 

A steam turbine has an inlet of 3 kg/s water at 1200 kPa, 350°C and velocity of 

15 m/s. The exit is at 100 kPa, 150°C and very low velocity. Find the specific 
work and the power produced. 

Solution: 

1 ,,2 1 . ,2 

Energy Eq.4.13: hq + 2 V 1 + gZ ( = h 2 + 2 V 2 + gZ 2 + w x 

Process: Zj = Z 2 and V 2 = 0 

Table B.1.3: hj = 3153.59 kJ/kg, h 2 = 2776.38 kJ/kg 

1 2 15^ 

w x = hj + 2 V : - h 2 = 3153.59 + ^qqq - 2776.38 = 377.3 kJ/kg 
(remember to convert m /s = J/kg to kJ/kg by dividing with 1000) 

W x = m x w x = 3 kg/s x 377.3 kJ/kg 

= 1132 kW 
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4.41 

Air at 20 m/s, 1500 K, 875 kPa with 5 kg/s flows into a turbine and it flows out at 
25 m/s, 850 K, 105 kPa. Find the power output using constant specific heats. 

Solution: 

1 ,,2 1 ,,2 

Energy Eq.4.13: Iq + 2 ”i + S^l = h 2 + 2 V 2 + gZ 2 + w T 
Process: Zj = Z 2 and V 2 = 0 

Table A.5 : C p = 1 .004 kJ/kg-K 

w T = h 1 + |v^-h 2 -|v^ = C p (T 1 -T 2 )+iv;-iv^ 

on 2 _ 05 2 

= 1.004 kJ/kg-K x (1500 - 850) K + 2()QQ (m 2 /s 2 ) x (kJ/J) 

= 652.5 kj/kg 

2 2 

(remember to convert m /s = J/kg to kJ/kg by dividing with 1000) 

W | = m x w T = 5 kg/s x 652.5 kj/kg 

= 3263 kW 
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4.42 

Solve the previous problem using Table A. 7. 

Air at 20 m/s, 1500 K, 875 kPa with 5 kg/s flows into a turbine and it flows out at 
25 m/s, 850 K, 105 kPa. Find the power output using constant specific heats. 

Solution: 

1 ,,2 1 . ,2 

Energy Eq.4.13: Iq + 2 V 1 + gZ 1 = h 2 + y V 2 + gZ 2 + w T 

Process: Zj = Z 2 and V 2 = 0 

Table A.7.1: hj = 1635.8 kJ/kg, h 2 = 877.4 kJ/kg 

, , 1 x / 2 1 X / 2 

w T = h 1 -h 2 + 2 V 1 - 2 V 2 

2Q 2 _ 25 2 

= (1635.8 - 877.4) kJ/kg + " 0QQQ (m 2 /s 2 ) x (kJ/J) 

= 758.3 kJ/kg 

2 2 

(remember to convert nT"/s = J/kg to kJ/kg by dividing with 1000) 


W T = m x w T = 5 kg/s x 758.3 kJ/kg 

= 3792 kW 
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4.43 

A windmill with rotor diameter of 20 m takes 40% of the kinetic energy out as 

shaft work on a day with 20°C and wind speed of 35 km/h. What power is 
produced? 

Solution: 

• • • 

Continuity Eq. nij = m e = m 


Energy m (h; + VfeVj 2 + gZj) = m(h e + ViVg 2 + gZ e ) + W 

Process information: W = mVWj x 0.4 

m = pAV =AVj /Vj 

A = 2 = ^ 20 2 = 314.16 m 2 

0.287 x 293 a 

Vj = RTj/Pj = foTl = 0-8301 nr /kg 

,, 35 x 1000 

Vj = 35 km/h = — 35 QQ — = 9.7222 m/s 

• ... , 314.16 x 9.7222 

m = AVj /vj = (T8301 = ^679. 5 kg/s 

% V , 2 = 1/2 9.7222 2 m 2 /s 2 = 47.26 J/kg 

W = 0.4 mVi Vj 2 = 0.4 x 3679.5 kg/s x 47.26 J/kg = 69 557 W 

= 69.56 kW 
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4.44 

A liquid water turbine receives 2 kg/s water at 2000 kPa, 20°C and velocity of 15 

m/s. The exit is at 100 kPa, 20°C and very low velocity. Find the specific work 
and the power produced. 


Solution: 

1 .,2 1 . ,2 

Energy Eq.4.13: fq + y V 1 + gZ 1 = h 2 + y V 0 + gZ 2 + w T 


Process: 
State 1: 
State 2: 


1 ..2 


Z 1 = Z 2 and V 2 = 0 

Table B. 1.4 hj = 85.82 kJ/kg 

Table B. 1.1 h 2 = 83.94 (which is at 2.3 kPa so we 

should add APv = 97.7 x 0.001 to this) 

2 


w x = hj + 2 Vj - h 2 = 85.82 + 15 /2000 - 83.94 = 1.9925 kJ/kg 


W T = m x w x = 2 kg/s x 1.9925 kJ/kg = 3.985 kW 


Notice how insignificant the specific kinetic energy is. 
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4.45 

What is the specific work one can expect from the dam in Problem 4.27? 
Solution: 

1 ,,2 1 . ,2 

Energy Eq.4.13: hq + 2 V 1 + gZ 1 = h 2 + y V 0 + gZ 2 + w T 

Process: V 2 = Vi; Pi = P 2 = Pq ; hj=h 2 

Same velocity if same flow area (incompressible flow) and the water 
temperature does not change significantly. The specific potential enrgy 
difference can be extracted 

w T = gZj - gZ 2 = 9.806 m/s 2 x (5 - 0) m = 49 m 2 /s 2 = 49 J/kg 
This is a very small amount of specific work. 
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4.46 

A small, high-speed turbine operating on compressed air produces a power output 
of 100 W. The inlet state is 400 kPa, 50°C, and the exit state is 150 kPa, -30°C. 
Assuming the velocities to be low and the process to be adiabatic, find the 
required mass flow rate of air through the turbine. 

Solution: 

C.V. Turbine, no heat transfer, no AKE, no APE 
Energy Eq.4. 13: h in = h ex + w T 

Ideal gas so use constant specific heat from Table A. 5 
W T = h in - hex = Cp(T in - T ex ) 

= 1.004 (kJ/kg-K) [50 - (-30)] K = 80.3 kJ/kg 

W = mw T => m = W/w T = 0.1 kW /80.3 kJ/kg = 0.00125 kg/s 

The dentist’s drill has a 
small air flow and is not 
really adiabatic. 
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4.47 

Hoover Dam across the Colorado River dams up Lake Mead 200 m higher than 
the river downstream. The electric generators driven by water-powered turbines 
deliver 1300 MW of power. If the water is 17.5°C, find the minimum amount of 
water running through the turbines. 

Solution: 


C.V.: H 2 0 pipe + turbines, 




Continuity: mj n = m ex ; 

Energy Eq.4. 13: (h+ V 2 /2 + gz) in = (h+ V“/2 + gz) ex + w T 

Water states: h in = h ex ; v in = v ex 

Now the specific turbine work becomes 

w T = gz in - gz ex = 9.807 x 200/1000 = 1.961 kJ/kg 

1300xl0 3 kW < 

m = W x /w T = 1.961 kJ/kg =6 ' 63 Xl ° kg/s 

V = mv = 6.63 xlO^ kg/s x 0.001001 m 3 /kg = 664 m 3 /s 
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4.48 

A small turbine, shown in Fig. P 4.48, is operated at part load by throttling a 0.25 
kg/s steam supply at 1.4 MPa, 250°C down to 1.1 MPa before it enters the turbine 
and the exhaust is at 10 kPa. If the turbine produces 110 kW, find the exhaust 
temperature (and quality if saturated). 

Solution: 

C.V. Throttle, Steady, q = 0 and w = 0. No change in kinetic or potential 
energy. The energy equation then reduces to 

Energy Eq. 4. 13: Iq = h 2 = 2927.2 kJ/kg from Table B. 1.3 

110 

C.V. Turbine, Steady, no heat transfer, specific work: w = = 440 kJ/kg 

Energy Eq.: hj = h 2 = h 3 + w = 2927.2 kJ/kg 

=> h 3 = 2927.2 - 440 = 2487.2 kJ/kg 


State 3: (P, h) Table B. 1.2 h < h„ 
2487.2 = 191.83 + x 3 x 2392.8* 

=> T = 45.8°C , x 3 = 0.959 
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4.49 

A small expander (a turbine with heat transfer) has 0.05 kg/s helium entering at 
1000 kPa, 550 K and it leaves at 250 kPa, 300 K. The power output on the shaft is 
measured to 55 kW. Find the rate of heat transfer neglecting kinetic energies. 
Solution: 

C.V. Expander. Steady operation . 


Cont. m^ = m e = m 

Energy mhj + Q = mh e + W 


Q = m (h e - hj) + W 

Use specific heat from Table A. 5: C p n e = 5.193 kJ/kg K 

Q = mC p (T e - Tj) + W 

= 0.05 kg/s x 5.193 kJ/kg-K x (300 - 550) K + 55 kW 
= - 64.91 +55 = -9.9 kW 
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Compressors, fans 
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4.50 

A compressor in a commercial refrigerator receives R-410A at -25°C, x = 1. The 
exit is at 1000 kPa, 40°C. Neglect kinetic energies and find the specific work. 

Solution: 

C.V. Compressor, steady state, single inlet and 
exit flow. For this device we also assume no 
heat transfer and Zj = Z e 

From Table B.4.1 : hj = 269.77 kJ/kg 

From Table B.4.2 : h e = 316.05 kJ/kg 

Energy Eq.4.13 reduces to 

w c = hj - h e = (269.77 - 316.05) kJ/kg = -46.28 kJ/kg 
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4.51 

A compressor brings nitrogen from 100 kPa, 290 K to 2000 kPa. The process has 
a specific work input of 450 kJ/kg and the exit temperature is 450 K. Find the 
specific heat transfer using constant specific heats. 

Solution: 

C.V. Compressor. Not adiabatic, neglect kinetic and potential energy changes. 
Energy Eq.4. 13: q + hj + Vf/2 + gZj = h e + V e 2 /2 + w + gZ e 

Process: Zj = Z e ; Vj~/2 = V e 2 /2 

Solve for the heat transfer 

q = h e + w - hj = C p (T e - Tj) + w 

= 1 .042 kJ/kg-K x (450 - 290) K - 450 kJ/kg = -283.3 kJ/kg 
Recall standard sign notation is work positive out. 
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4.52 

A portable fan blows 0.3 kg/s room air with a velocity of 15 m/s (see Fig. P4.18). 
What is the minimum power electric motor that can drive it? Hint: Are there any 
changes in P or T? 

Solution: 

C.V. Fan plus space out to near stagnant inlet room air. 

Energy Eq.4. 13: q + h, + Vj 2 /2 = h e + V e 2 /2 + w 

Here q = 0, V j = 0 and hj = h e same P and T 

-w = V e 2 /2 = (15 2 /2) (m/s) 2 = 1 12.5 J/kg = 0.1 125 kJ/kg 
-W = -mw = 0.3 kg/s x 0.1 125 kJ/kg = 0.034 kW 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


4.53 

A refrigerator uses the natural refrigerant carbon dioxide where the compressor 

brings 0.02 kg/s from 1 MPa, -20°C to 6 MPa using 2 kW of power. Find the 
compressor exit temperature. 

Solution: 


C.V. Compressor, steady state, single inlet and 
exit flow. For this device we also assume no 
heat transfer and Zj = Z e 

From Table B.3.2 : hj = 342.31 kJ/kg 

Energy Eq.4.13 reduces to 

W = mw c = m (hj - h e ) => h e = hj - W/m 
h e = 342.31 kJ/kg - [-2 kW] / (0.02 kg/s) = 442.31 kJ/kg 
From Table B.3.2 : 

T e = 100 + 20 (442.31 - 421.69)/(445.02 - 421.69) = 117.7 °C 
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4.54 

An air compressor takes in air at 100 kPa, 17°C and delivers it at 1 MPa, 600 K to 
a constant-pressure cooler, which it exits at 300 K. Find the specific compressor 
work and the specific heat transfer in the cooler. 


Solution 

C.V. air compressor q = 0 

• • 

Continuity Eq.: m 2 = mj 

Energy Eq.4. 13: 0 = Iq + w c i n - h 2 


1 

1 ► 



Compressor 

w c 




Compressor section Cooler section 


Table A.7: h, = 290.19 kJ/kg, h 2 = 607.32 kJ/kg, h 3 = 300.47 kJ/kg 

w c in = h 2 - hj = 607.32 - 290.19 = 317.13 kJ/kg 
C.V. cooler w = 0 

• • 

Continuity Eq.: m 3 = m 2 

Energy Eq.4. 13: 0 = h 2 - q out - h 3 

q out = h 2 - h 3 = 607.32 - 300.47 = 306.85 kJ/kg 


Comment: For thess temperatures we could have used constant specific heats from A. 5 
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4.55 

A compressor brings R-134a from 150 kPa, -10°C to 1200 kPa, 50°C. It is water 
cooled with a heat loss estimated as 40 kW and the shaft work input is measured 
to be 150 kW. How much is the mass flow rate through the compressor? 

Solution: 

C.V Compressor. Steady flow. 

Neglect kinetic and potential energies. 

Energy : m hj + Q = mh e + W 
m = (Q - W)/(h e - hi) 



Look in table B.5.2 


h i = 393.84 kJ/kg, h e = 426.84 kJ/kg 

. -40 -(-150) kW 

m - 426.84 - 393.84 kJ/kg " 3,333 kg/s 
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4.56 

The compressor of a large gas turbine receives air from the ambient at 95 kPa, 
20°C, with a low velocity. At the compressor discharge, air exits at 1.52 MPa, 
430°C, with velocity of 90 m/s. The power input to the compressor is 5000 kW. 
Determine the mass flow rate of air through the unit. 

Solution: 

C.V. Compressor, steady state, single inlet and exit flow. 

Energy Eq.4. 13: q + hj + Vf/2 = h e + V e 2 /2 + w 

Here we assume q = 0 and Vj = 0 so using constant C Po from A. 5 

? (90) 2 

-w = C Po (T e - Ti) + V e -/2 = 1.004(430 - 20) + 2 xl000 = 415 - 5 kJ/k § 

Notice the kinetic energy is 1% of the work and can be neglected in most 
cases. The mass flow rate is then from the power and the specific work 


m = 



5000 kW 
415.5 kJ/kg 


= 12.0 kg/s 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


4.57 

How much power is needed to run the fan in Problem 4.18? 

A household fan of diameter 0.6 m takes air in at 98 kPa, 20°C and delivers it at 

105 kPa, 21°C with a velocity of 1.5 m/s. What are the mass flow rate (kg/s), the 

inlet velocity and the outgoing volume flow rate in m /s? 

Solution: 



mj = V e /v e = 0.4241/0.8036 = 0.528 kg/s 


A Vj /Vj = mj = AV e / v e 


RT- 

Vi = Vg X (Vj/Vg) = Vg X = 1.5 X 

1 i v e 


0.287 kJ/kg-K x (20 + 273) K 
98 kPa x 0.8036 m 3 /kg 


1.6 m/s 


W = m(hj + VzVi 2 - h e - i/ 2 V e 2 ) = m [C p (T, - T e ) + 1/2 V, 2 - VW e 2 ] 

2 2 

= 0.528 [ 1.004 (-1) + L6 2 () 0 q 5 ] = 0.528 [-1.004 + 0.000155] 

= - 0.53 kW 
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4.58 

A compressor in an industrial air-conditioner compresses ammonia from a state of 
saturated vapor at 200 kPa to a pressure of 1000 kPa. At the exit the temperature 

is measured to be 100°C and the mass flow rate is 0.5 kg/s. What is the required 
motor size (kW) for this compressor? 

Solution: 

C.V. Compressor. Assume adiabatic and neglect kinetic energies. 

Energy Eq.4. 13: w c = hq - h 2 

States: 1: B.2.2: Iq = 1419.6 kJ/kg 

2: B.2.2 h 2 AC = 1664.3 kJ/kg 

Energy equation: 

-w c = h 2 -h, = 1664.3 - 1419.6 = 244.7 kJ/kg 
W = 0.5 kg/s x 244.7 kJ/kg = 122 kW 
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4.59 

An exhaust fan in a building should be able to move 3 kg/s air atmospheric 

pressure air at 25 °C through a 0.5 m diameter vent hole. How high a velocity 
must it generate and how much power is required to do that? 

Solution: 

C.V. Fan and vent hole. Steady state with uniform velocity out. 

Continuity Eq.: m = constant = pAV = AV / v =AVP/RT 

n ? 

Ideal gas : Pv = RT, and area is A = ^ D“ 

Now the velocity is found 

V = m RT/(| D 2 P) 


= 3 kg/s x 0.287 kJ/kg-K x 293.15 K/ ( | x 0.5 2 m 2 x 101 kPa) 

= 12.7 m/s 

The kinetic energy out is 

12.7 2 / 1000 = 0.08065 kJ/kg 

which is provided by the work (only two terms in energy equation that does 
not cancel, we assume V 1 = 0) 

W in = m \ \j\ = 3 kg/s x 0.08065 kJ/kg = 0.242 kW 
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4.60 

A compressor receives R-410A as saturated vapor R-410A at 400 kPa and brings 

it to 2000 kPa, 60°C. Then a cooler brings it to saturated liquid at 2000 kPa (see 
Fig. P4.54). Find the specific compressor work and the specific heat transfer in 
the cooler? 


C.V. Compressor. Assume adiabatic and neglect kinetic, potential energies. 


Energy Eq.4.13: 

w = hj - h 2 

States: 1: B.4.2 

hj = 271.9 kJ/kg 

2: B.4.2 

h 2 = 320.62 kJ/kg 


2.31 

3: B.4.1 

h 3 = 106.14+ 5 

-w c = h 2 

-hj = 320.62 - 271.9 = 


= 110.2 kJ/kg 


C.V. Cooler. No work, neglect kinetic, potential energies. 

Energy Eq. 4.13: q = h 3 - h 2 = 1 10.2 - 320.62 = -210.4 kJ/kg 



The compressor 
is inside the unit 
to the left that 
also houses a fan 
and the heat 
exchanger. 
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4.61 

An air flow is brought from 20°C, 100 kPa to 1000 kPa, 330°C by an adiabatic 
compressor driven by a 50-kW motor. What are the mass flow rate and the 
exit volume flow rate of air? 


C.V. Compressor. Assume adiabatic and neglect kinetic, potential energies. 
Energy Eq.4.13: w = hq - h 2 

-w c = h 2 - hi ~ C P (T 2 - Tj) = 1.004 kJ/kg-K x (330 - 20) K 
= 311.2 kJ/kg 


The mass flow rate scale the work term so 

- w / 50 kW 

m = W / -Wr = 


C - 31 1.2 kJ/kg _ 01606 kg/s 


• . • RT . 0.287 x (330 + 273) kJ/kg 

V = mv = m^- = 0.1606 kg/s j ()00 kPa 

= 0.0278 m 3 /s 
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Heaters/Coolers 
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4.62 

The air conditioner in a house or a car has a cooler that brings atmospheric air 

from 30°C to 10°C both states at 101 kPa. If the flow rate is 0.75 kg/s find the rate 
of heat transfer. 

Solution: 

CV. Cooler. Steady state single flow with heat transfer. 

Neglect changes in kinetic and potential energy and no work term. 

Energy Eq. 4. 1 3 : q out = hj - h e 

Use constant specific heat from Table A. 5 (T is around 300 K) 

Oom = h i - h e = C P ( T i - T e) 

= 1.004 x (30 - 10) K = 20.1 kJ/kg 
Qout = m q out = 0.75 x 20.1 = 15 kW 
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4.63 

A boiler section boils 3 kg/s saturated liquid water at 2000 kPa to saturated vapor 
in a reversible constant-pressure process. Find the specific heat transfer in the 
process. 

C.V. Boiler. Steady state single inlet and exit flow, neglect potential energy and 
since velocities are low we neglect kinetic energies. 

Energy Eq. 4.13: q + hj = h e 

From Table B. 1.2: lq = 908.77 kJ/kg 
Table B. 1.3: h e = 2799.51 kJ/kg 

q = h e - hj = 2799.5 1 - 908.77 = 1890.74 kJ/kg 
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4.64 

A condenser (cooler) receives 0.05 kg/s R-410A at 2000 kPa, 80°C and cools it to 

10°C. Assume the exit properties are as for saturated liquid with the same T. 

What cooling capacity (kW) must the condenser have? 

Solution: 

C.V. R-410A condenser. Steady state single flow, heat transfer out and no 
work. 

Energy Eq. 4.12: mhi=mh 2 + Q 0U t 

Inlet state: Table B.4.2 hj = 343.22 kJ/kg, 

Exit state: Table B.4.1 h 2 = 73.21 kJ/kg (compressed liquid) 

To be more accurate we could have added (P-Psat)v to the h 2 . 

Process: Neglect kinetic and potential energy changes. 

Cooling capacity is taken as the heat transfer out i.e. positive out so 

Qout = m ( hj- h 2 ) = 0.05 kg/s x (343.22 - 73.21) kJ/kg 

= 13.5 kW 
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4.65 

Carbon dioxide enters a steady-state, steady-flow heater at 300 kPa, 300 K, and 
exits at 275 kPa, 1500 K, as shown in Fig. P4.65. Changes in kinetic and potential 
energies are negligible. Calculate the required heat transfer per kilogram of 
carbon dioxide flowing through the heater. 

Solution: 

C.V. Heater Steady state single inlet and exit flow. 

Energy Eq. 4. 13: q + hj = h e 



Table A.8: q = h e - hj = 1614.9 - 214.4 = 1400.5 kj/kg 

[If we use C p0 from A. 5 then q = 0.842 kJ/kg-K x (1500 - 300)K = 1010.4 kJ/kg] 
Too large AT, T ave to use C p o at room temperature. 
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4.66 

Find the heat transfer in Problem 4.17 

A boiler receives a constant flow of 5000 kg/h liquid water at 5 MPa, 20°C and it 
heats the flow such that the exit state is 450°C with a pressure of 4.5 MPa. 
Determine the necessary minimum pipe flow area in both the inlet and exit pipe(s) 
if there should be no velocities larger than 20 m/s. 

Solution: 

C.V. Heater. Steady state single inlet and exit flow, neglect potential energy and 
since velocities are low we neglect kinetic energies. 

Energy Eq. 4.13: q + hj = h e 

From Table B. 1.4: lq = 88.64 kJ/kg 

Table B.1.3: h e = (3330.23 + 3316.15)72 = 3323.19 kJ/kg 


q = h e - hj = 3323.19 - 88.64 = 3234.6 kJ/kg 
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4.67 

A chiller cools liquid water for air-conditioning purposes. Assume 2.5 kg/s water 

at 20°C, 100 kPa is cooled to 5°C in a chiller. How much heat transfer (kW) is 
needed? 

Solution: 

C.V. Chiller. Steady state single flow with heat transfer. Neglect changes in 
kinetic and potential energy and no work term. 

Energy Eq. 4. 1 3 : q out = hj - h e 

Properties from Table B . 1 . 1 : 

hj = 83.94 kJ/kg and h e = 20.98 kJ/kg 

Now the energy equation gives 

q out = 83.94 - 20.98 = 62.96 kJ/kg 

Qout = m 9out = 2-5 x 62.96 = 157.4 kW 

Alternative property treatment since single phase and small AT 
If we take constant specific heat for the liquid from Table A. 4 

9 out = hi - h e = C p (Tj - T e ) 

= 4.18 kJ/kg-K x (20 - 5) K = 62.7 kJ/kg 

Qout = m 9out = 2-5 kg/s x 62.7 kJ/kg = 156.75 kW 
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4.68 

Saturated liquid nitrogen at 600 kPa enters a boiler at a rate of 0.008 kg/s and 
exits as saturated vapor, see Fig. P4.68. It then flows into a super heater also at 
600 kPa where it exits at 600 kPa, 280 K. Find the rate of heat transfer in the 
boiler and the super heater. 

Solution: 

C.V.: boiler steady single inlet and exit flow, neglect KE, PE energies in flow 
Continuity Eq.: irq = m 2 = m 3 



Table B.6.1: hj = -81.469 kJ/kg, h 2 = 86.85 kJ/kg, 

Table B.6.2: h 3 = 289.05 kJ/kg 

Energy Eq. 4.13: qboiler = h 2 - hj = 86.85 - (- 81.469) = 168.32 kJ/kg 

Qboiler = ™ 1 9 boiler = 0.008 kg/s x 168.32 kJ/kg = 1.346 kW 
C.V. Superheater (same approximations as for boiler) 

Energy Eq. 4. 13: q sup heater = h 3 - h 2 = 289.05 - 86.85 = 202.2 kJ/kg 

Qsup heater = m 2 q sup hea ter = °- 008 k g /s x 202 - 2 kJ/k g = 162 kW 
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4.69 

Carbon dioxide used as a natural refrigerant flows through a cooler at 10 MPa, 
which is supercritical so no condensation occurs. The inlet is at 220°C and the 
exit is at 50°C. Find the specific heat transfer. 

C.V. Cooler. Steady state single flow with heat transfer. Neglect changes in 
kinetic and potential energy and no work term. 

Energy Eq. 4. 13: 0 = hj - h e + q 

Properties from Table B.3.2: 

h i = 542.91 kJ/kg and 

h e = (200.14 + 3 12. 1 1)/2 = 256.13 kJ/kg 

Now the energy equation gives 

q = 256.13 - 542.91 = -286.79 kJ/kg 
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4.70 

In a steam generator, compressed liquid water at 10 MPa, 30°C, enters a 30-mm 
diameter tube at the rate of 3 L/s. Steam at 9 MPa, 400°C exits the tube. Find the 
rate of heat transfer to the water. 

Solution: 

C.V. Steam generator. Steady state single inlet and exit flow. 

Constant diameter tube: Aj = A e = f (0.03) 2 = 0.0007068 m 2 


Table B.1.4 rii = Vj/vj = 0.003/0.0010003 = 3.0 kg/s 


^ = Vj/Aj = 0.003/0.0007068 = 4.24 m/s 
Exit state properties from Table B.1.3 

V e = Vi x v e / Vi = 4.24 x 0.02993/0.0010003 = 126.86 m/s 
The energy equation Eq. 4.12 is solved for the heat transfer as 


Q = m [(h e - hi) + (V e 2 - Vi 2 ) /2] 


= 3.0 kg/s x 


3117.8 - 134.86 + 


126.86 2 - 4.24 2 
2 x 1000 


kJ/kg = 8973 kW 


Typically hot 
combustion 
gas in 


Steam exit 



gas 

out 
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4.71 

An oven has five radiant heaters; each one is rated at 15 kW. It should heat some 
2-kg steel plates from 20°C to 800 K. How many of these plates per minute can it 
heat? 


C.V. Oven, steady state operation. A flow of plates in (represents an m) 

Energy Eq.: 0 = m (hj - h e ) + Q 

Q = m(h e -h i ) = mC(T e -T i ) 

m = Q / C (T e - Tj) = o.46 (800 - 293) kJ/kg = 0322 kg/s 
N = m/m = (0.322 / 2) 1/s = 0.161 1/s = 9.65 per min 



Front end of oven with steel rollers to bring the plates in 
a skirt hangs down to limit heat losses. 
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4.72 

A cryogenic fluid as liquid nitrogen at 90 K, 400 kPa flows into a probe used in 
cryogenic surgery. In the return line the nitrogen is then at 160 K, 400 kPa. Find 
the specific heat transfer to the nitrogen. If the return line has a cross sectional 
area 100 times larger than the inlet line what is the ratio of the return velocity to 
the inlet velocity? 


Solution: 

C.V line with nitrogen. No kinetic or potential energy changes 


Continuity Eq.: 
Energy Eq. 4.13: 


m = constant = m e = liq = A e V e /v e = AjVj/Vj 
q = h e - hi 


State i, Table B.6.1: hj = -95.58 kJ/kg, Vj = 0.001343 nr /kg 

State e, Table B. 6. 2: h e = 162.96 kJ/kg, v e = 0.11647 m 3 /kg 
From the energy equation 

q = h e - hj = 162.96 - (-95.58) = 258.5 kJ/kg 
From the continuity equation 


V e /Vi = Ai/A e (v e /vj) = 


1 0.11647 


100 0.001343 


= 0.867 
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4.73 

An evaporator has R-410A at -20°C and quality 20% flowing in, with the exit 

flow being saturated vapor at -20°C. Knowing that there is no work, find the 
specific heat transfer. 


C.V. Heater Steady state single inlet and exit flow. 

Energy Eq. 4. 13: 0 = q + h 1 -h 2 

Table B.4: hj = 28.24 + 0.2 x 243.65 = 76.97 kJ/kg 

h 2 = 271.89 kJ/kg 

q = h 2 - hj= 271.89 - 76.97 = 194.92 kJ/kg 
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4.74 

A flow of liquid glycerine flows around an engine, cooling it as it absorbs energy. 

The glycerine enters the engine at 60°C and receives 19 kW of heat transfer. What 

is the required mass flow rate if the glycerine should come out at maximum 95° 

C? 


Solution: 

C.V. Liquid flow (glycerine is the coolant), steady flow, no work. 
Energy Eq.: mhj + Q = mh e 

. • Q 

m — Q/( hg - hj) — p /rp rr\ 

'-gly v x e 1 u 

From table A.4 C g i y = 2.42 kJ/kg-K 
. 19 kW 

m “ 2.42 (95 - 60) kJ/kg “ 0,224 kg/s 


Air intake filter Fan Radiator 
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Pumps, pipe and channel flows 
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4.75 

An irrigation pump takes water from a river at 10°C, 100 kPa and pumps it up to 

an open canal, where it flows out 100 m higher at 10°C. The pipe diameter in and 
out of the pump is 0. 1 m and the motor driving the unit is 5 hp. What is the flow 
rate neglecting kinetic energy and losses? 


C.V. Pump plus pipe to canal. 

This is a single steady flow device with atmospheric pressure in and out. 

Energy Eq.: 0 = hj + 0 + gZj + w p in - h e - 0 - gZ e 

w p j n = g(Z e - Zj) = 9.81 m/s 2 x 100 (m/s) 2 = 0.981 kJ/kg 

W p in = 5 hp = 5 hp x 0.746 kW/hp = 3.73 kW 

Find the flow rate from the work 

m = Wp j n / w p in = 3.73 kW/ 0.981 kJ/kg = 3.8 kg/s 
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4.76 

A pipe flows water at 15°C from one building to another. In the winter time the 
pipe loses an estimated 500 W of heat transfer. What is the minimum required 

mass flow rate that will ensure that the water does not freeze (i.e. reach 0°C)? 


Solution: 


Energy Eq.: mhj + Q = mh e 

Assume saturated liquid at given T from table B.1.1 


m = 


Q 


h e -hi 


-500 x IQ' 3 kW _ 0.5 
0- 62.98 kJ/kg _ 62.98 


kg/s = 0.007 94 kg/s 
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4.77 


A river flowing at 0.5 m/s across a 1-m-high and 10-m-wide area has a dam that 
creates an elevation difference of 2 m. How much energy could a turbine deliver 
per day if 80% of the potential energy can be extracted as work? 


CV Dam from upstream to downstream 2 m lower elevation 

Continuity Eq.: m = constant = m e = irij = A e V e /v e = AjVj/Vj 

Find the mass flow rate 

m = AVj/v = pAVj = 997 kg/m 3 x (1 x 10) m“ x 0.5 m/s = 4985 kg/s 
Energy Eq.: 0 = m (hj + 0.5Vj 2 + gZj) - m (h e + 0.5V e 2 + gZ e ) - W 

The velocity in and out is the same assuming same flow area and the two 
enthalpies are also the same since same T and P = P 0 . 

W = 0.8 m g(Zj - Z e ) = 0.8 x 4985 kg/s x 9.807 m/s 2 x 2 m 
= 78 221 J/s = 78 221 W = 78.2 kW 

W = W At = 78.2 (kJ/s) x 24 x 60 x 60 s = 6.76 GJ 
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4.78 

A steam pipe for a 300-m tall building receives superheated steam at 200 kPa at 
ground level. At the top floor the pressure is 125 kPa and the heat loss in the pipe 
is 1 10 kJ/kg. What should the inlet temperature be so that no water will condense 
inside the pipe? 

Solution: 

C.V. Pipe from 0 to 300 m, no AKE, steady state, single inlet and exit flow. 
Neglect any changes in kinetic energy. 

Energy Eq. 4. 1 3 : q + hj = h e + gZ e 

No condensation means: Table B.1.2, h e = h g at 125 kPa = 2685.4 kJ/kg 

9.807 x 300 

hj = h e + gZ e - q = 2685.4 + (-110) = 2810.1 kJ/kg 

At 200 kPa: T ~ 170°C Table B.1.3 
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4.79 

Consider a water pump that receives liquid water at 25 °C, 100 kPa and delivers it 
to a same diameter short pipe having a nozzle with exit diameter of 2 cm (0.02 m) 
to the atmosphere 100 kPa. Neglect the kinetic energy in the pipes and assume 
constant u for the water. Find the exit velocity and the mass flow rate if the pump 
draws a power of 1 kW. 


Solution: 

Continuity Eq.: mj = m e = AV/v ; A = ^ x 0.02 2 = 3.1416 x 10~ 4 

1 2 12 

Energy Eq. 4.13: hj + ^V i + gZj = h e + yV Q + gZ e + w 

Properties: hj = Uj + PjV{ = h e = u e + P e v e ; Pj = P e ; Vj = v e 

1 2 . 1 2 1 3 
w = - 2 V e => -W = m (2 V e ) = A x 2 V e /v e 



/ -2Wv e 
k A 



( 


2 x 1000x0.001003 \ 1 '3 


3.1416 xlO 


-4 


) = 18.55 m/s 



m = AV e /v e = 3.1416 x 10“ 4 x 18.55/0.001003 = 5.81 kg/s 
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4.80 

A small water pump is used in an irrigation system. The pump takes water in from 

a river at 10°C, 100 kPa at a rate of 5 kg/s. The exit line enters a pipe that goes up 
to an elevation 20 m above the pump and river, where the water runs into an open 

channel. Assume the process is adiabatic and that the water stays at 10°C. Find 
the required pump work. 

Solution: 

C.V. pump + pipe. Steady state , 1 inlet, 1 exit flow. Assume same velocity in 
and out, no heat transfer. 

• • • 

Continuity Eq.: m in = m ex = m 

Energy Eq. 4.12: 
m(h in + (l/2)V in 2 + gz in ) = 

m(h ex + (1/2) V ex 2 + gz ex ) + W 
States: h in = h ex same (T, P) 



W = m g(z in - z ex ) = 5 kg/s x 9.807 m/s 2 x (0 - 20) m /(1000 J/kJ) 

= -0.98 kW 

I.E. 0.98 kW required input 
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4.81 

A small stream with water at 15°C runs out over a cliff creating a 50 m tall 
waterfall. Estimate the downstream temperature when you neglect the horizontal 
flow velocities upstream and downstream from the waterfall. How fast was the 
water dropping just before it splashed into the pool at the bottom of the waterfall? 


Solution: 


CV. Waterfall, steady state. Assume no Q nor W 

Energy Eq. 4.13: h + + gZ = const. 

State 1: At the top zero velocity Zj = 100 m 
State 2: At the bottom just before impact, Z 2 = 0 
State 3: At the bottom after impact in the pool. 

hj + 0 + gZj = h 2 + ^ V 2 + 0 = h 3 +0 + 0 


Properties: 


h| = I 12 same T, P 
1 

-> 2 V 2 _ gZl 


V 2 = •y^2gZ 1 = x 9.806 m/s 2 x 50 m = 31.3 m/s 
Energy equation from state 1 to state 3 
h 3 = hi + gZj 

use Ah = Cp AT with value from Table A. 4 (liquid water) 

T 3 =T 1 + gZ 1 /C p 

= 20 + 9.806 m/s 2 x 50 ml (4180 J/kg-K) = 20.12 °C 
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4.82 

A cutting tool uses a nozzle that generates a high speed jet of liquid water. 

Assume an exit velocity of 500 m/s of 20°C liquid water with a jet diameter of 2 
mm (0.002 m). How much mass flow rate is this? What size (power) pump is 

needed to generate this from a steady supply of 20°C liquid water at 200 kPa? 
Solution: 

C.V. Nozzle. Steady state, single flow. 


Continuity equation with a uniform velocity across A 

m = AV/v = | D 2 V / v = 1 0.002 2 x 500 / 0.001002 = 1.568 kg/s 
Assume Zj = Z e = 0, u e = U{ and Vj = 0 P e = 100 kPa (atmospheric) 


Energy Eq.4.13: 


hj + 0 + 0 = h e + yV 2 + 0 + w 


1 2 


1 _ 2 


w = hi - h e - yV e = ui - u e + Pi Vi - P e v e - 2 V e 
= (Pi -Pe)vi4v 2 


500 2 m 2 /s 2 


= 0.001002 m 3 /kg x (200 - 100) kPa - 0.5 x ^qqqj/^j 
= 0.1002- 125 = -125 kJ/kg 


W = mw = 1.568 kg/s x (-125 kJ/kg) = -196 kW 
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4.83 

The main waterline into a tall building has a pressure of 600 kPa at 5 m below 
ground level. A pump brings the pressure up so the water can be delivered at 200 
kPa at the top floor 100 m above ground level. Assume a flow rate of 10 kg/s 

liquid water at 10°C and neglect any difference in kinetic energy and internal 
energy u. Find the pump work. 

Solution: 

C.V. Pipe from inlet at -5 m up to exit at +150 m, 200 kPa. 

Energy Eq.4.13: hj + + gZj = h e + |v e 2 + gZ e + w 

With the same u the difference in h’s are the Pv terms 
w = h i -he + |(Vi 2 -Ve 2 ) + g(Z i - Z e ) 

= p i v i - p e v e + g ( z i - z e) 

= 600 x 0.001 - 200 x 0.001 + 9.806 x (-5 - 100)/ 1000 
= 0.4- 1.03 = -0.63 kJ/kg 

W = mw = 10 x (-0.63) = -6.3 kW 
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Multiple flow single device processes 

Turbines, Compressors, Expanders 
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4.84 


An adiabatic steam turbine in a power plant receives 5 kg/s steam at 3000 kPa, 

500°C. Twenty percent of the flow is extracted at 1000 kPa, 350°C to a feedwater 

heater, and the remainder flows out at 200 kPa, 200°C (see Fig. P4.84). Find the 
turbine power output. 


C.V. Turbine Steady state, 1 inlet and 2 exit flows. 

• • • • • • 

Continuity Eq. 4. 9: lrq = m 2 + m 3 ; => m 3 = lrq - m 2 = 150 lbm/s 

• • • • 

Energy Eq.4. 10: m^hi = Wj + n^f^ + m 3 h 3 


Table B.1.2 hj = 3456.48 kJ/kg, 
h 2 = 3157.65 kJ/kg 
Table B.1.1 : h 3 = 2870.46 kJ/kg 



From the energy equation, Eq.4. 10 


Wj = m^hj - n^lb - m 3 h 3 = (5 x3456.48 - 1 x3157.65 - 4 x2870.46) kJ/s 

= 2643 kW 
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4.85 

A compressor receives 0.05 kg/s R-410A at 200 kPa, -20°C and 0.1 kg/s R-410A 

at 400 kPa, 0°C. The exit flow is at 1000 kPa, 60°C as shown in Fig. P4.85. 
Assume it is adiabatic, neglect kinetic energies and find the required power input. 

C.V. whole compressor steady, 2 inlets, 1 exit, no heat transfer Q = 0 
Continuity Eq.4.9: irq + rfi2 = ^ 

Energy Eq. 4. 10: m^hj + ri^h^ 

Table B.3.2: hj = 278.72 kJ/kg, 
h 2 = 290.42 kJ/kg 
Table B.3.2: h 3 = 335.75 kJ/kg 

W c = 0.05 x 278.72 + 0.1 x 29 
Power input is 7.4 kW 


= 0.05 + 0.1 =0.15 kg/s 
- W c = m 3 h 3 



.42-0.15 x 335.75 = -7.385 kW 
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4.86 

Cogeneration is often used where a steam supply is needed for industrial process 
energy. Assume a supply of 5 kg/s steam at 0.5 MPa is needed. Rather than 
generating this from a pump and boiler, the setup in Fig. P4.86 is used so the 
supply is extracted from the high-pressure turbine. Find the power the turbine 
now cogenerates in this process. 

Solution: 

C.V. Turbine, steady state, 1 inlet and 2 exit flows, assume adiabatic, Q cv = 0 

• • • 

Continuity Eq.4.9: m j = m 2 + m 3 

• • • • • 

Energy Eq.4.10: Q C y + mjhj = m^ho + n^hg + W T ; 

Supply state 1: 20 kg/s at 10 MPa, 500°C 

Process steam 2: 5 kg/s, 0.5 MPa, 155°C, 

Exit state 3: 20 kPa, x = 0.9 
Table B. 1.3: hj = 3373.7, h 2 = 2755.9 kJ/kg, 

Table B. 1.2: h 3 = 251.4 + 0.9 x 2358.3 

= 2373.9 kJ/kg 

W x = (20 x 3373.7 - 5 x 2755.9 - 15 x 2373.9 ) (kg/s) (kJ/kg) 

= 18 084 kW = 18.084 MW 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


4.87 

A steam turbine receives steam from two boilers. One flow is 5 kg/s at 3 MPa, 

700°C and the other flow is 10 kg/s at 800 kPa, 500°C. The exit state is 10 kPa, 
with a quality of 96%. Find the total power out of the adiabatic turbine. 

Solution: 

C.V. whole turbine steady, 2 inlets, 1 exit, no heat transfer Q = 0 
Continuity Eq.4.9: m^ + m 2 = m 3 = 5 + 15 = 20 kg/s 

Energy Eq.4.10: rfi^hj + rii 2 h 2 = 1113113 + W T 

Table B.1.3: h] = 3911.7 kJ/kg, 
h 2 = 3480.6 kJ/kg 

Table B.1.2: h 3 = 191.8 + 0.96 x 2392.8 

= 2488.9 kJ/kg 


W T = 5 x 391 1.7 + 10 x 3480.6 - 15 x 2488.9 = 17 031 kW = 17 MW 
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A compressor receives 0.1 kg/s R-134a at 150 kPa, -10°C and delivers it at 1000 

kPa, 40°C. The power input is measured to be 3 kW. The compressor has heat 

transfer to air at 100 kPa coming in at 20°C and leaving at 30°C. How much is the 
mass flow rate of air? 

Solution: 

C.V. Compressor, steady state, single inlet and exit 
flow. For this device we also have an air flow 
outside the compressor housing no changes in 
kenetic or potential energy. 

Continuity Eq.: ith = m | 

Energy Eq. 4.12: m | h ] + W ni + m. ur h 3 = n^l^ + m a i r li 4 

Ideal gas for air and constant specific heat: h 4 - h 3 ~ C p a j r (T 4 -T 3 ) 

m air = [ m l ( h l ~ h 2) + W in ] / C p air (T 4 -T 3 ) 

0.1 (393.84 -420.25) + 3 0.359 kW 

1.004(30-20) “ 10 kJ/kg 

= 0.0359 kg/s 
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4.89 

Two steady flows of air enters a control volume, shown in Fig. P4.89. One is 
0.025 kg/s flow at 350 kPa, 150°C, state 1, and the other enters at 450 kPa, 15°C, 
state 2. A single flow of air exits at 100 kPa, -40°C, state 3. The control volume 
rejects 1 kW heat to the surroundings and produces 4 kW of power. Neglect 
kinetic energies and determine the mass flow rate at state 2. 

Solution: 


C.V. Steady device with two inlet and one 
exit flows, we neglect ki netic energies. Notice 
here the Q is rejected so it goes out. 



• • • • 

Continuity Eq.4.9: lrq + m 2 = m 3 = 0.025 + m 2 

Energy Eq.4. 10: m 1 h 1 + m 2 h 2 = m 3 h 3 + W cv + Q loss 

Substitute the work and heat transfer into the energy equation and use constant 
specific heat 

0.025 x 1.004 x 423.2 + m 2 x 1.004 x 288.2 
= (0.025 + m 2 ) 1.004 x 233.2 + 4.0 + 1.0 
Now solve for m 2 . 

4.0 + 1.0 + 0.025 x 1,004 x (233.2-423.2) 
m 2 - i 004 (288.2 - 233.2) kW/(kJ/kg) 

= 0.0042 kg/s 
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A large expansion engine has two low velocity flows of water entering. High 
pressure steam enters at point 1 with 2.0 kg/s at 2 MPa, 500°C and 0.5 kg/s 
cooling water at 120 kPa, 30°C enters at point 2. A single flow exits at point 3 
with 150 kPa, 80% quality, through a 0.15 m diameter exhaust pipe. There is a 
heat loss of 300 kW. Find the exhaust velocity and the power output of the 
engine. 

Solution: 

C.V. : Engine (Steady state) 

• • 

Constant rates of flow, Qi oss and W 
State 1: Table B.1.3: hj = 3467.6 kJ/kg 
State 2: Table B . 1 . 1 : h 2 = 125.77 kJ/kg 
h 3 = 467.1 + 0.8 x 2226.5 = 2248.3 kJ/kg 

v 3 = 0.00105 + 0.8 x 1.15825 = 0.92765 m 3 /kg 
Continuity Eq.4.9: m 2 = m 3 = 2 + 0.5= 2.5 kg/s = (AV/v) = (7t/4)D 2 V/v 

Energy Eq.4.10: 1112112 + m 2 h 2 = m 3 (h 3 + 0.5 V 2 ) + Qi 0S s + W 

V = m 3 v 3 / [| D 2 ] = 2.5 x 0.92765 / (0.7854 x 0.15 2 ) = 131.2 m/s 
0.5 V 2 = (0.5 x 131.2 2 m 2 /s 2 )/1000 J/kJ = 8.6 kJ/kg 
W = 2 x3467.6 + 0.5 x 125.77 - 2.5 (2248.3 + 8.6) - 300 = 1056 kW 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


Heat Exchangers 
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4.91 

A condenser (heat exchanger) brings 1 kg/s water flow at 10 kPa quality 95% to 
saturated liquid at 10 kPa, as shown in Fig. P4.91. The cooling is done by lake 
water at 20°C that returns to the lake at 30°C. For an insulated condenser, find the 
flow rate of cooling water. 

Solution: 

C.V. Heat exchanger 


1 kg/s 

m cool 


1, 95% 


4, 30°C 


— AVVWNAA 


2, sat. liq. 


vwwvw — — M- 


3, 20°C 


Table B.1.1: h 20 = 83.94 kJ/kg , h 30 = 125.77 kJ/kg 

Table B.1.2: h 95%i 10kPa = 191.81 + 0.95 x 2392.82 = 2465 kJ/kg 

hf, lOkPa =191.81 kJ/kg 

Energy Eq.4. 10: m cool h 20 + m H2 o h 300 = m cool h 30 + m H2 o h f, 10 kPa 

h 95% ' h f, lOkPa _ , 2465 - 191.81 , 

m cool = m H 2 Q h - 1, 20 = 1 x 125.77 - 83.94 = 543 kg/s 
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4.92 

Air at 600 K flows with 3 kg/s into a heat exchanger and out at 100°C. How much 
(kg/s) water coming in at 100 kPa, 20°C can the air heat to the boiling point? 

C.V. Total heat exchanger. The flows are not mixed so the two flowrates are 
constant through the device. No external heat transfer and no work. 


Energy Eq.4.10. ril a j r h a j r in + ^hvaterKvater in — '^aii'hair out + '^water^water out 


m air[h a i r in " ^air out] — m waterl ^water out ^ water j n ] 

Table B.1.2: h water out - h water in = 2675.46 - 83.94 = 2591.5 kJ/kg 
Table A.7.1: h airin - h airout = 607.32 - 374.14 = 233.18 kJ/kg 


Solve for the flow rate of water from the energy equation 

l air out 


- h„ ; _ t 233.18 


L air in 


m water m air ^ 


water out ^water in 


~= 3 kg/s x 2591 $ ~ 0.27 kg/s 



Air 

out 
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4.93 

Steam at 500 kPa, 300°C is used to heat cold water at 15°C to 75°C for domestic 
hot water supply. How much steam per kg liquid water is needed if the steam 
should not condense? 

Solution: 

C.V. Each line separately. No work but there is heat transfer out of the steam flow 
and into the liquid water flow. 

• • • • • 

Water line energy Eq.: mj iq hj + Q = m liq h e => Q = m liq (h e - hj) 

For the liquid water look in Table B.1.1 

Ahjiq = h e - hi = 313.91 - 62.98 = 250.93 kJ/kg 

( = C p AT = 4.18 (75 - 15) = 250.8 kJ/kg ) 

Steam line energy has the same heat transfer but it goes out 

• • • • • 

Steam Energy Eq.: m steam hi = Q + m steam h e => Q = m steam (hi - h e ) 

For the steam look in Table B.1.3 at 500 kPa 


Ahsteam = ^ - h e = 3064.2 - 2748.67 = 315.53 kJ/kg 

Now the heat transfer for the steam is substituted into the energy equation for the 
water to give 

250.93 

m stearn ^ m liq “ ^^liq ^ ^^steam ” 315.53 ~~ ^.795 


Steam 

out 

<= ] = 



n 


n 





y 


y 

cbi 


Steam 

in 


Cold water in 
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4.94 


A dual-fluid heat exchanger has 5 kg/s water entering at 40°C, 150 kPa and 
leaving at 10°C, 150 kPa. The other fluid is glycol, entering at -10°C, 160 kPa 
and leaving at 10°C, 160 kPa. Find the required mass flow rate of glycol and the 
rate of internal heat transfer. 


C.V. Heat exchanger, steady flow 1 
inlet and 1 exit for glycol and water 
each. The two flows exchange 
energy with no heat transfer to/from 
the outside. 



3 glycol 

+- ' 


Continuity Eqs.: Each line has a constant flow rate through it. 


Energy Eq.4.10: 


m H 2 0 h l + m glycol h 3 - m H 2 0 h 2 + m glycol h 4 


Process: Each line has a constant pressure. 

Table B.l: hj = 167.54 kJ/kg, h 2 = 41.99 kJ/kg 

Table A.4: Cp g j y = 2.42 kJ/kg-K so 


m 


glycol 


h 4 - h 3 = C P gly (T 4 - T 3 ) = 2.42 [10 - (-10)] = 48.4 kJ/kg 

hi-h 2 167.54-41.99 
= m H 2 Q h4 _ h , = 5 7^ = 12.97 kg/s 


48.4 
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4.95 

A heat exchanger, shown in Fig. P4.95, is used to cool an air flow from 800 K to 
360 K, both states at 1 MPa. The coolant is a water flow at 15°C, 0.1 MPa. If the 


water leaves as saturated vapor, find the ratio of the flow rates m Ho Q/m a j r 


Solution: 

C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The two 
flows exchange energy with no heat 
transfer to/from the outside. 



3 water 


Continuity Eqs.: Each line has a constant flow rate through it. 


Energy Eq.4. 10: m air h, + m H20 h 3 = m air h 2 + m H20 h 4 

Process: Each line has a constant pressure. 

Air states, Table A.7.1: hj = 822.20 kJ/kg, h 2 = 360.86 kJ/kg 

Water states, Table B.1.1: h 3 = 62.98 kJ/kg (at 15°C), 

Table B.1.2: h 4 = 2675.5 kJ/kg (at 100 kPa) 

Iq - h 2 822.20- 360.86 
m H 2 0 /m air - h 4 - h 3 “ 2675.5 - 62.99 ~ 01766 
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4.96 

A superheater brings 2.5 kg/s saturated water vapor at 2 MPa to 450°C. The 
energy is provided by hot air at 1200 K flowing outside the steam tube in the 
opposite direction as the water, which is a counter flowing heat exchanger. Find 

the smallest possible mass flow rate of the air so the air exit temperature is 20°C 
larger than the incoming water temperature (so it can heat it). 

Solution: 

C.V. Superheater. Steady state with no 

• • 

external Q or any W the two flows 
exchanges energy inside the box. Neglect 
kinetic and potential energies at all states. 



3 water 


Energy Eq.4. 10: m H2 o h 3 + m air h, = m H20 h 4 + m air h 2 

Process: Constant pressure in each line. 

State 1: Table B.1.2 T 3 = 212.42°C, h 3 = 2799.51 kJ/kg 

State 2: Table B.1.3 h 4 = 3357.48 kJ/kg 

State 3: Table A.7 h, = 1277.81 kJ/kg 

State 4: T 2 = T 3 + 20 = 232.42°C = 505.57 K 

A.7 : h 2 = 503.36 + (523.98 - 503.36) = 509.1 kJ/kg 

From the energy equation we get 

m air = ™H 2 0 ( h 4 - h 3V( h l ' h 2> 

= 2.5 (3357.48 - 2799.51) / (1277.81 - 509.1) = 1.815 kg/s 
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4.97 

A two fluid heat exchanger has 2 kg/s liquid ammonia at 20°C, 1003 kPa entering 
state 3 and exiting at state 4. It is heated by a flow of 1 kg/s nitrogen at 1500 K, 
state 1, leaving at 600 K, state 2 similar to Fig. P4.95. Find the total rate of heat 
transfer inside the heat exchanger. Sketch the temperature versus distance for the 
ammonia and find state 4 (T, v) of the ammonia. 

Solution: 

CV: Nitrogen flow line, steady rates of flow, Q out and W = 0 
Continiuty: mj = m 2 = 1 kg/s ; Energy Eq: m | h ] = m 2 h 2 + Q out 

Tbl. A. 8: h, = 1680.7 kJ/kg; h 2 = 627.24 kJ/kg 

Qout = m l( h l - h 2 ) = 1 (1680.7 - 627.24) = 1053.5 kW 
If Tbl A. 5 is used: Cp = 1.042 kJ/kg K 

Q out = irq Cp (Tj - T 2 ) = 1x1.042 (1500 - 600) = 937.8 kW 


CV The whole heat exchanger: No external Q, constant pressure in each line. 

m 1 h 1 + m 3 h 3 = mjh 2 + m 3 h 4 => h 4 = h 3 + lrqQij - h 2 )/m 3 
h 4 = 274.3 + 1053.5 /2 = 801 kJ/kg < h g => 2-phase 
x 4 = (h 4 - h f )/ hf g = (801 - 298.25) / 1165.2 = 0.43147 

V 4 = v f + x 4 v fg = 0.001658 + 0.43147x0.12647 = 0.05623 m 3 /kg 

T 4 = T 3a = 25°C This is the boiling temperature for 1003 kPa. 
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4.98 

In a co-flowing (same direction) heat exchanger 1 kg/s air at 500 K flows into one 
channel and 2 kg/s air flows into the neighboring channel at 300 K. If it is 
infinitely long what is the exit temperature? Sketch the variation of T in the two 
flows. 

C.V. Heat Exchanger (no W) 

Continuity Eq.: irq = 1113 and rib = 014 

Energy Eq.4.10: iiqlq + = riiilvj + 

Same exit T: I 13 = I 14 = [irqfq + ri^t^] / [iiq + ir^] 

Using conctant specific heat 

mi m 2 1 2 

T 3 = T 4 = T, + T 2 = 3 x 500 + 3 x 300 = 367 K 

irq + m 2 irq + m 2 



3 

4 


T 


A 

500- - T 


300-- T. 


X 
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An air/water counter flowing heat exchanger has one line with 2 kg/s at 125 kPa, 
1000 K entering, and the air is leaving at 100 kPa, 400 K. The other line has 0.5 

kg/s water entering at 200 kPa, 20°C and leaving at 200 kPa. What is the exit 
temperature of the water? 


C.V. Heat Exchanger (no W) 

Continuity Eq.: rh| = 1113 = m Ho Q and m 2 = 014 = m a j 


Energy Eq.4. 10: m H2 O h l + ™air h 4 = f!l H 2 O h 3 + ril air h 2 

Flowrates and properties known except for T 1 


ht = h 3 + m air (h 2 - h 4 ) / m H2 o 

= 83.94 + 2 (1046.22 - 401 .3) / 0.5 = 2663.6 kJ/kg 

fq < fq = 2706.6 kJ/kg at 200 kPa so two-phase T = 120.23°C 



The water is not completely evaporated at the exit. 
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An automotive radiator has glycerine at 95°C enter and return at 55°C as shown 

in Fig. P4.100. Air flows in at 20°C and leaves at 25°C. If the radiator should 
transfer 25 kW what is the mass flow rate of the glycerine and what is the volume 
flow rate of air in at 100 kPa? 

Solution: 

If we take a control volume around the whole radiator then there is no external 
heat transfer - it is all between the glycerin and the air. So we take a control 
volume around each flow separately. 


Glycerine: 
Table A.4: 


mhj + (-Q) = mh e 

• -Q -Q -25 

m gly - h e - hi - C gly (T e -Ti) - 2.42(55 - 95) 


= 0.258 kg/s 


Air 

Table A. 5: 


mh i + Q = mh ( 


Q 


Q 


25 


mair _ h - h- “ C ■ (T -TO 

n e iij , -airv 1 e 1 u 


1.004(25 - 20) ~~ 4-98 kg/s 


V = mvj ; Vj = 


RTj _ 0,287 x 293 kJ/kg-K x K 
Pi - 100 kPa 


= 0.8409 nr /kg 


V ai r = mvj = 4.98 x 0.8409 = 4.19 nrVs 


Air intake filter 





Atm. 


air 


vQ/ 
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4.101 

A cooler in an air conditioner brings 0.5 kg/s air at 35°C to 5°C, both at 101 kPa 

and it then mix the output with a flow of 0.25 kg/s air at 20°C, 101 kPa sending 
the combined flow into a duct. Find the total heat transfer in the cooler and the 
temperature in the duct flow. 

Solution: 



Cooler section Mixing section 

C.V. Cooler section (no W) 

• • • 

Energy Eq.4.12: mlq = mh 2 + Q CO ol 

Qcool = m(ht - h 2 ) = m C p (T, - T 2 ) = 0.5 x 1.004 x (35-5) = 15.06 kW 

• • 

C.V. mixing section (no W, Q) 

• • • 

Continuity Eq.: m 2 + m 3 = 014 

• • • 

Energy Eq.4. 10: m 2 h 2 + m^h^ = 014114 

m 4 = m 2 + m 3 = 0.5 + 0.25 = 0.75 kg/s 

• • • • • 

104.114 = (m 2 + 103)114 = m 2 h 2 + 10363 

• • 

m 2 (h 4 - h 2 ) + m 3 (h 4 - h 3 ) = 0 
m 2 C p (T 4 - T 2 ) + m 3 C p (T 4 - T 3 ) = 0 
T 4 = (m 2 / m 4 ) T 2 + (m 3 / m 4 ) T 3 = 5(0.5/0.75) + 20(0.25/0.75) = 10°C 
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4.102 

A copper wire has been heat treated to 1000 K and is now pulled into a cooling 

chamber that has 1.5 kg/s air coming in at 20°C; the air leaves the other end at 60° 
C. If the wire moves 0.25 kg/s copper, how hot is the copper as it comes out? 

Solution: 

C.V. Total chamber, no external heat transfer 
Energy eq.: m cu h icu + m air 

hi air = m cu he cu + m air 

he air 

m cu ( h e — h^ ) cu = m a j r ( — h e ) a j r 

• • 

m cu ^cu ( T e — Tj ) cu = m a j r Cp a j r ( T e — Tj ) a j r 

Heat capacities from A.3 for copper and A.5 for air 
m air^p air 1.5x1 .004 

CT e - Ti)cu = - p (Te - Ti) air = Q 25 ; Q 42 (20 - 60) K = - 573.7 K 

m cu^cu 


T e = Ti - 573.7 = 1000 - 573.7 = 426.3 K 
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4.103 

A coflowing (same-direction) heat exchanger has one line with 0.25 kg/s oxygen 
at 17°C, 200 kPa entering and the other line has 0.6 kg/s nitrogen at 150 kPa, 500 
K entering. The heat exchanger is very long, so the two flows exit at the same 
temperature. Use constant heat capacities and find the exit temperature. 

C.V. Heat Exchanger (no W) 

Continuity Eq.: ihj = 1113 and m 2 = 014 

Energy Eq.4.10: irqfq + m 2 h 2 = irqhg + 1112114 

Same exit T: T 3 = T 4 = T ex 

Using conctant specific heat 


riu Cp 02 T 1 + Cp N2 T 2 - irq Cp 02 T ex + A 2 C P N2 T ex 


T = 

A ex 


” 1 l C P02 _ m 2 C PN2 

T 1 + # T 2 
ri 1 l C P02 + i ^2 C PN2 i ^1 C P02 + i ^2 C PN2 


0.25 x 0,922 x 290 + 0.6 x 1,042 x 500 
0.25 x 0.922 + 0.6 x 1.042 


= 443.4 K 



x 



3 


2 
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Mixing processes 
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4.104 

Two flows of air are both at 200 kPa; one has 1 kg/s at 400 K and the other has 2 
kg/s at 290 K. The two flows are mixed together in an insulated box to produce a 
single exit flow at 200 kPa. Find the exit temperature. 

Solution: 

Cont.: m 3 + m 2 = m 3 

Energy: m 1 h ] + m 2 h 2 = 1113113 

= (m3 + m 2 )h3 

Solve for the exit enthalpy 

h 3 = [ mill! + m 2 h 2 ] / (m 3 + m 2 ) 
since the T’s are modest use constant specific heats 

T 3 = [ 1113 T 3 + m 2 T 2 ] / (m 3 + m 2 ) = ^ x 400 + 1 x 290 = 326.7 K 


2 

r “n 

22 

1 

1 ► 


J 



Mixing chamber 
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4.105 


Two air flows are combined to a single flow. Flow one is 1 m 3 /s at 20°C and the 

other is 2 m 3 /s at 200°C both at 100 kPa. They mix without any heat transfer to 
produce an exit flow at 100 kPa. Neglect kinetic energies and find the exit 
temperature and volume flow rate. 

Solution: 


Cont. mi + m 2 = m3 

Energy m^h^ + m 2 h 2 = m 3 h 3 

= (mi + m 2 )h 3 



Mixing section 


mi (h 3 - hi) + m 2 (h 3 -h 2 ) = 0 


miC p (T 3 -Ti) + m 2 C p (T 3 -T 2 ) = 0 


T 3 = (mi/m 3 )/Ti + (m 2 /m 3 )T 2 


We need to find the mass flow rates 

vj = RTj/Pi = (0.287 kJ/kg-K x 293 K)/100 
v 2 = RT 2 /P 2 = (0.287 kJ/kg-K x 473 K)/100 

Vi 1 kg • V 2 

mi = = a o/i nn = 1.1892 m 2 = = 

1 Vi 0.8409 s’ L v 2 


kPa = 0.8409 m 3 /kg 
kPa = 1.3575 m 3 /kg 


2 

1.3575 


1.4733 



s 


m 3 = mi+ m 2 = 2.6625 kg/s 
1.1892 1.4733 

T 3 = „ 77^7 X 20 + „ 77^7 X 200 = 119.6° C 


V 3= R 


2.6625 J ' 2.6625 
RT 3 0.287 (119.6 + 273) 


100 


= 1.1268 m 3 /kg 


V 3 = m 3 v 3 = 2.6625 kg/s x 1.1268 m 3 /kg = 3.0 m 3 /s 
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4.106 

A flow of water at 2000 kPa, 20°C is mixed with a flow of 2 kg/s water at 2000 
kPa, 180°C. What should the flowrate of the first flow be to produce an exit state 
of 200 kPa and 100°C? 

Solution: 

C.V. Mixing chamber and valves. Steady state no heat transfer or work terms. 

Continuity Eq.4.9: nfl + m 2 = m 3 

• • • • • 

Energy Eq.4.10: m ihi + m 2 h 2 = nighg = (m^ m 2 )h 3 



A? 



Table B.1.4: h 2 = 763 .7 kJ/kg 

. h 2 -h 3 ^ 763.7-419.0 , 

m l = m 2 x = 2 x 419 .o - 85.8 = 2069 kg/s 
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4.107 

An open feedwater heater in a powerplant heats 4 kg/s water at 45°C, 100 kPa by 

mixing it with steam from the turbine at 100 kPa, 250°C. Assume the exit flow is 
saturated liquid at the given pressure and find the mass flow rate from the turbine. 

Solution: 


C.V. Feedwater heater. 

• • 

No external Q or W 



• • • 

Continuity Eq.4.9: lrq + m 2 = m 3 


Energy Eq.4.10: 


m^hi + ni2h2 = n^hg = (m^+ n^/hg 


State 1 
State 2 
State 3 


Table B.1.1 h = h f = 188.42 kJ/kg at 45°C 

Table B. 1.3 h 2 = 2974.33 kJ/kg 

Table B.1.2 h 3 = h f = 417.44 kJ/kg at 100 kPa 


hi - 113 


= 4 x 


188.42-417.44 _ 

417.44 - 2974.33 - 0,358 kg/s 
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4.108 

Two flows are mixed to form a single flow. Flow at state 1 is 1.5 kg/s water at 
400 kPa, 200°C and flow at state 2 is 500 kPa, 100°C. Which mass flow rate at 
state 2 will produce an exit T 3 = 150°C if the exit pressure is kept at 300 kPa? 

Solution: 

C.V. Mixing chamber and valves. Steady state no heat transfer or work terms. 

Continuity Eq.4.9: irq + m 2 = m 3 

• • • • • 

Energy Eq.4.10: m ihi + m 2 h 2 = 1113113 = (m^+ 1112)113 



Properties Table B.1.3: fq = 2860.51 kJ/kg; 

Table B. 1.4: h 2 = 419.32 kJ/kg 

. _. hj - h 3 2860.51 -2760.95 

m 2 “ m l x h, - ho “ 1-5 x 2760.95 - 419.32 



= 0.0638 kg/s 
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4.109 

A de- superheater has a flow of ammonia 1.5 kg/s at 1000 kPa, 100°C which is 

mixed with another flow of ammonia at 25°C and quality 50% in an adiabatic 
mixing chamber. Find the flow rate of the second flow so the outgoing ammonia 
is saturated vapor at 1000 kPa. 


C.V. Desuperheater. 

• • 

No external Q or W 



• • • 

Continuity Eq.4.9: irq + m2 = m3 

• • • • • 

Energy Eq.4.10: m ihi + nv?!^ = mghg = (m^+ n^/hg 


State 1: Table B. 2. 2 

State 2: Table B. 2.1 

State 3: Table B. 2. 2 


h, = 1664.3 kJ/kg 

h 2 = 298.25 + 0.5 xl 165.2 = 880.85 kJ/kg 
h 3 = 1463.4 kJ/kg 


. h!-h 3 1664.3- 1463.4 

m 2 “ m l x h, - ho “ L5 x 1463.4 - 880.85 “ 0,517 kg/s 
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4.110 

A mixing chamber with heat transfer receives 2 kg/s of R-410A at 1 MPa, 40°C in 
one line and 1 kg/s of R-410A at 15°C, quality 50% in a line with a valve. The 
outgoing flow is at 1 MPa, 60°C. Find the rate of heat transfer to the mixing 
chamber. 

Solution: 

C.V. Mixing chamber. Steady with 2 flows in and 1 out, heat transfer in. 



Continuity Eq.4.9: m 1 + m 2 = m 3 ; => m 3 = 2 + 1 = 3 kg/s 

• • • • 

Energy Eq.4.10: m^hi + m 2 h 2 + Q = m 3 h 3 

Properties: Table B. 4. 2: h 1 = 316.05 kJ/kg, h 3 = 335.75 kJ/kg 

Table B.4.1: h 2 = 81.15 + 0.5 x 201.64 = 181.97 kJ/kg 

Energy equation then gives the heat transfer as 

Q = 3 x 335.75 - 2 x 316.05 - 1 x 181.97 = 193.18 kW 
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4.111 

A geothermal supply of hot water at 500 kPa, 150°C is fed to an insulated flash 
evaporator at the rate of 1.5 kg/s. A stream of saturated liquid at 200 kPa is 
drained from the bottom of the chamber, and a stream of saturated vapor at 200 
kPa is drawn from the top and fed to a turbine. Find the mass flow rate of the two 
exit flows. 


C.V. Flash chamber. Disregard any kinetic and potential energies 
Continuity Eq.: 0 = irq - m 2 - m3 

Energy Eq.: 0 = irqlq - m 2 h 2 - m 3 h 3 


Process: Q = 0, W = 0 

hj = 632.2 kJ/kg from Table B. 1.4 (B. 1.1: 632.18) 

State 2 and 3: Saturated vapor h 2 = 2706.63 kJ/kg 

Saturated liquid h 3 = 504.68 kJ/kg 


Substitute m3 from continuity eq. into the energy eq. to get 


0 = irqhj - m 2 h 2 - (irq - m 2 ) h 3 

m 2 = irq (1^ - h 3 ) / (h 2 - h 3 ) = rh, (h, - h f ) / (h g - h f ) 

= 1.5 (632.2 - 504.68) /(2706.63 - 504.68) = 0.0869 kg/s 


m 3 = riij - m 2 = 1.5 - 0.0869 = 1.413 kg/s 

The fraction of the flow at state 2 equals the quality x in the flow right after 
the valve and the fraction going out at state 3 is (1 - x) 


Two-phase out of the 
valve. The liquid drops 
to the bottom. 
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4.112 

An insulated mixing chamber receives 2 kg/s R-134a at 1 MPa, 100°C in a line 
with low velocity. Another line with R-134a as saturated liquid 60°C flows 
through a valve to the mixing chamber at 1 MPa after the valve, as shown in Fig. 
P4.1 10. The exit flow is saturated vapor at 1 MPa flowing at 20 m/s. Find the 
flow rate for the second line. 


Solution: 

C.V. Mixing chamber. Steady state, 2 inlets and 1 exit flow. 
Insulated q = 0, No shaft or boundary motion w = 0. 

Continuity Eq.4.9: irq + m 2 = m 3 ; 

• • • 12 

Energy Eq.4.10: + m 2 h 2 = m 3 ( h 3 + 2 V 3 ) 

12 . 12 
m 2 Ok? - 113 - 2 V 3 ) = mj ( h 3 + 2 V 3 -hj) 

1: Table B.5.2: 1 MPa, 100°C, hj = 483.36 kJ/kg 
2: Table B.5.1: x = 0, 60°C, h 2 = 287.79 kJ/kg 
3: Table B. 5.1: x = 1, 1 MPa, 20 m/s, h 3 = 419.54 kJ/kg 


Now solve the energy equation for m 2 

1 1 1 20 2 
m 2 = 2 x [419.54 + y 20 2 x 483.36] / [287.79 - 419.54 - ^ y^] 

= 2 x [-63.82 + 0.2] / [-131.75 - 0.2] = 0.964 kg/s 
Notice how kinetic energy was insignificant. 
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4.113 

To keep a jet engine cool some intake air bypasses the combustion chamber. 
Assume 2 kg/s hot air at 2000 K, 500 kPa is mixed with 1.5 kg/s air 500 K, 500 
kPa without any external heat transfer. Find the exit temperature by using 
constant specific heat from Table A. 5. 

Solution: 

C.V. Mixing Section 

Continuity Eq.4. 9: irq + m 2 = m 3 => m 3 = 2 + 1.5 = 3.5 kg/s 

• • • 

Energy Eq.4. 10: m ihi + m 2 h 2 = nvjlrj 

• • • 

I 13 = (m 1 h 1 + m 2 h 2 ) / m 3 ; 

For a constant specific heat divide the equation for h 3 with C p to get 

mi m 2 2 1.5 

T 3 = — + — T 2 = 2000 + 500 = 1357 K 

m 3 m 3 ' 


, m 



Mixing section 
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4.114 

Solve the previous problem using values from Table A. 7 
To keep a jet engine cool some intake air bypasses the combustion chamber. 
Assume 2 kg/s hot air at 2000 K, 500 kPa is mixed with 1.5 kg/s air 500 K, 500 
kPa without any external heat transfer. Find the exit temperature by using values 
from Table A. 7. 

Solution: 

C.V. Mixing Section 

Continuity Eq.4. 9: 1112+1112 = 1113 => m3 = 2 + 1.5 = 3.5 kg/s 

• • • 

Energy Eq.4. 10: m ihi + n^t^ = IH3I13 

• • • 

I13 = (m^h^ + ni2h2) / m3 ; 

Using A.7 we look up the h at states 1 and 2 to calculate h 3 

nil rh 2 2 1.5 

h 3 = — hi + — h 2 = 3-5 2251.58 + 503.36 = 1502 kJ/kg 

m 3 m 3 ' 

Now we can backinterpolate to find at what temperature do we have that h 

1502 - 1455.43 

T 3 - 1350 + 50 1515 27 _ 1455.43 “ 1389 K 
This procedure is the most accurate. 



Mixing section 
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Multiple Devices, Cycle Processes 
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4.115 

A flow of 5 kg/s water at 100 kPa, 20°C should be delivered as steam at 1000 

kPa, 350°C to some application. Consider compressing it to 1000 kPa, 20°C and 

then heat it at constant 1000 kPa to 350°C. Which devices are needed and find the 
specific energy transfers in those devices. 

To raise the pressure of a liquid flow requires a pump which delivers the 
difference between the flow work going out and in. Constant pressure heating is a 
simple heater (or heat exchanger). 

Inlet state: B.1.1: hj = 83.94 kJ/kg, Vj = 0.001002 m 3 /kg 

State 3: h 3 = 3157.65 kJ/kg 

The pump delivers the difference between the flow work out and flow work in. 
Pump: -w p = (P 2 - Pi) Vi = (1000 - 100 ) kPa x 0.001002 m 3 /kg 

= 0.9 kJ/kg. 

Heater: q = h 3 - h 2 = h 3 - (hi - w p ) 

= 3157.65 - (83.94 + 0.9) = 3072.8 kJ/kg 
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4.116 

A two-stage compressor takes nitrogen in at 20°C, 150 kPa and compresses it to 
600 kPa, 450 K. Then it flows through an intercooler, where it cools to 320 K, and 
the second stage compresses it to 3000 kPa, 530 K. Find the specific work in each 
of the two compressor stages and the specific heat transfer in the intercooler. 


The setup is like this: 




C.V.: Stage 1 nitrogen, Steady flow 
Process: adiabatic: q = 0, 

Energy Eq. 4.13: -w cl = h 2 - lq , 

Assume constant C P0 = 1.042 from A. 5 

w ci = h l - h 2 = C P0 (Ti -T 2 ) = 1.042 kJ/kgK (293 - 450) K = -163.6 kj/kg 

C.V. Intercooler, no work and no changes in kinetic or potential energy. 
q 23 = h 3 - h 2 = C P0 (T 3 - T 2 ) = 1.042 (320 - 450) = -135.5 kj/kg 

C.V. Stage 2. Analysis the same as stage 1. 

w C2 = h 3 - h 4 = C P0 (T 3 - T 4 ) = 1.042 (320 - 530) = -218.8 kj/kg 
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4.117 

The intercooler in the previous problem uses cold liquid water to cool the 

nitrogen. The nitrogen flow is 0.1 kg/s, and the liquid water inlet is 20°C and is 
set up to flow in the opposite direction from the nitrogen, so the water leaves at 

35°C. Find the flow rate of the water. 


Solution: 


C.V. Heat exchanger, steady 
2 flows in and two flows 
out. 



Continuity eq.: irq = m 2 = m 3 = m 4 = m N2 

Energy eq.: 0 = m H 2o( h 3 - h 4) + ™N2 (h 2 - hj) 

Due to the lower range of temperature we will use constant specific heats from 
A. 5 and A. 4 so the energy equation is approximated as 

0 = “ 1 H20 C pH20 ( T 3 “ T 4) + 1 ^N2 C p ( T 2 ~ T t) 

Now solve for the water flow rate 

™H20 = ™N2 C p N2 (T 2 - T t) / |CpH20 ( T 4 “ T 3)] 

= 0.1 kg/s x 1.042 x (450 - 320) / [4.18 x (35 - 20)] 

= 0.216 kg/s 
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4.118 

The following data are for a simple steam power plant as shown in Fig. P4.1 18. 


State 

1 

2 

3 

4 

5 

6 

7 

P MPa 

6.2 

6.1 

5.9 

5.7 

5.5 

0.01 

0.009 

T°C 


45 

175 

500 

490 


40 

h kJ/kg 

- 

194 

744 

3426 

3404 

- 

168 


State 6 has v 6 = 0.92, and velocity of 200 m/s. The rate of steam flow is 25 kg/s, 

with 300 kW power input to the pump. Piping diameters are 200 mm from steam 
generator to the turbine and 75 mm from the condenser to the steam generator. 
Determine the velocity at state 5 and the power output of the turbine. 

Solution: 

Turbine A 5 = (tt/ 4)(0.2) 2 = 0.031 42 m 2 , v 5 = 0.06163 m 3 /kg 

V 5 = mv 5 /A 5 = 25 kg/s x 0.061 63 m 3 /kg / 0.031 42 m 2 = 49 m/s 
h 6 = 191.83 + 0.92 x 2392.8 = 2393.2 kJ/kg 

w T = li 5 -h 6 +f(vTvjj) 

= 3404 - 2393.2 + (49 2 - 200 2 )/( 2 x 1000) = 992 kJ/kg 
W T = mw T = 25 kg/s x 992 kJ/kg = 24 800 kW 

Remark: Notice the kinetic energy change is small relative to enthalpy change. 
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4.119 

For the same steam power plant as shown in Fig. P4.1 18, assume the cooling 
water comes from a lake at 15°C and is returned at 25 °C. Determine the rate of 
heat transfer in the condenser and the mass flow rate of cooling water from the 
lake. 


Solution: 

Condenser A 7 = (7 t/ 4)(0.075) 2 = 0.004 418 m 2 , v 7 = 0.001 008 m 3 /kg 

V 7 = mv 7 /A 7 = 25 x 0.001 008 / 0.004 418 = 5.7 m/s 
h 6 = 191.83 + 0.92 x 2392.8 = 2393.2 kJ/kg 

9COND = h 7 - h 6 + 2 ( - Vg ) 

= 168 - 2393.2 + (5.7 2 - 200 2 )/(2xl000) = -2245.2 kJ/kg 

Qcond = 25 kg/s x (-2245.2 kJ/kg) = -56 130 kW 
This rate of heat transfer is carried away by the cooling water so 


“Qcond - m H 2 o( h out “ h in)H 2 o - 56 130 kW 


=> 


56 130 kW 

mH 20 - 104.9 - 63.0 kJ/kg _ 1339,6 k 8 /s 
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4.120 

For the same steam power plant as shown in Fig. P4.1 18, determine the rate of 
heat transfer in the economizer, which is a low temperature heat exchanger. Find 
also the rate of heat transfer needed in the steam generator. 

Solution: 

Economizer A 7 = tiD 7 /4 = 0.004 418 m 2 , v 7 = 0.001 008 m 3 /kg 

V 2 = V 7 = mv 7 /A 7 = 25 x 0.001 008/0.004 418 = 5.7 m/s, 

V 3 = (v 3 /v 2 )V 2 = (0.001 118 / 0.001 008) 5.7 = 6.3 m/s * V 2 
so kinetic energy change unimportant 
cjecon = ^3 ” ^2 = 744 — 194 = 550.0 kJ/kg 

Qecon = ^Oecon = 25 kg/s x 550.0 kJ/kg = 13 750 kW 
Generator A 4 = tiD 4 /4 = 0.03 1 42 m 2 , v 4 = 0.060 23 m 3 /kg 

V 4 = mv 4 /A 4 = 25 kg/s x 0.060 23 m 3 /kg /0.031 42 m 2 = 47.9 m/s 
q GEN = 3426 - 744 + (47.9 2 - 6.3 2 )/(2xl000) = 2683 kJ/kg 

Qgen = '^9 GEN = 25 kg/s x 2683 kJ/kg = 67 075 kW 
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4.121 

A somewhat simplified flow diagram for a nuclear power plant is given in Fig. 
P4.121. Mass flow rates and the various states in the cycle are shown in the 
accompanying table. The cycle includes a number of heaters in which heat is 
transferred from steam, taken out of the turbine at some intermediate pressure, to 
liquid water pumped from the condenser on its way to the steam drum. The heat 
exchanger in the reactor supplies 157 MW, and it may be assumed that there is no 
heat transfer in the turbines. 

a. Assume the moisture separator has no heat transfer between the 
two turbinesections, determine the enthalpy and quality (/z 4 , x 4 ). 

b. Determine the power output of the low-pressure turbine. 

c. Determine the power output of the high-pressure turbine. 

d. Find the ratio of the total power output of the two turbines to the total 
power delivered by the reactor. 



a) Moisture Separator, steady state, no heat transfer, no work 


Continuity Eq.: m 3 = m 4 + m 9 , m 4 = m 3 - m 9 = 62.874 - 4.662 = 58.212 kg/s 


Energy Eq.: 1 x 13113 = m 4 h 4 + m 9 h 9 ; 

From the energy equation we get 


h 4 = (1113113 - m 9 h 9 ) / m 4 = 


62.874x2517-4.662x 558 
58.212 


= 2673.9 kJ/kg 


h 4 = 2673.9 = 566.18 + x 4 x 2160.6 => x 4 = 0.9755 


b) Low Pressure Turbine, steady state no heat transfer 

Continuity Eq.: m 4 = m 5 + m 8 

Energy Eq.: iii 4 h 4 = m 5 h 5 + m 8 h 8 + W CV(LP) 

m 5 = m 4 - m 8 = 58.212 - 2.772 = 55.44 kg/s 

WcV(LP) = i^i 4 h 4 - m 5 h 5 - m 8 h 8 

= 58.212 x 2673.9 - 55.44 x 2279 - 2.772 x 2459 
= 22 489 kW = 22.489 MW 
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c) High Pressure Turbine, steady state no heat transfer 

Energy Eq.: m 2 h 2 = m 3 h 3 + m 12 h 12 + m 17 h 17 + W CV(H p) 


WcV(HP) = ™ 2^2 ' ■ ^ 12^12 - 

= 75.6 x 2765 - 62.874 x 2517 - 8.064 x 2517 - 4.662 x 2593 
= 18 394 kW = 18.394 MW 

d) i! = (W HP + W lp )/Q reacx = (22.489 + 18.394) / 157 = 0.26 
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4.122 

Consider the power plant as described in the previous problem. 

a. Determine the quality of the steam leaving the reactor. 

b. What is the power to the pump that feeds water to the reactor? 


Solution: 

a) Reactor: Cont.: m 20 = m 2 i; Qcv = 157 MW 

Energy Eq.4.12: 

Qcv + m2()l'20 = ™21 h 21 



157 000 kW + 1386 kg/s x 1221 kJ/kg = 1386 kg/s x h 21 

h 21 = 1334.3 kJ/kg = (1282.4 + x 21 x 1458.3) kJ/kg => x 21 = 0.0349 

b) C.V. Reactor feedwater pump 

• . ... 

Cont. m 19 = m 20 Energy Eq.: m 19 h 19 = mi 9 h 2 o + W£ v p 

Table B.l: h 19 = h(277°C, 7240 kPa) = 1220 kJ/kg, h 20 = 1221 kJ/kg 
W Cv ,p = m 19 (h 19 - h 20 ) = 1386 kg/s (1220 - 1221) kJ/kg = -1386 kW 
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4.123 

A R-410A heat pump cycle shown in Fig. P4.123 has a R-410A flow rate of 0.05 
kg/s with 5 kW into the compressor. The following data are given 


State 

1 

2 

3 

4 

5 

6 

P, kPa 

3100 

3050 

3000 

420 

400 

390 

T, °C 

120 

110 

45 


-10 

-5 

h, kJ/kg 

377 

367 

134 

- 

280 

284 


Calculate the heat transfer from the compressor, the heat transfer from the R- 
410A in the condenser and the heat transfer to the R-410A in the evaporator. 


Solution: 

CV: Compressor 

Qcomp = m(h, - h 6 ) + W COMP = 0.05 (377 - 284) - 5.0 = -0.35 kW 
CV: Condenser 

Qcond = m(h 3 - h 2 ) = 0.05 kg/s (134 - 367) kJ/kg = -11.65 kW 
C.V. Valve: 

h 4 = h 3 = 134 kJ/kg 

CV: Evaporator 


Qevap - m (h 5 - h 4 ) - 0 


.05 kg/s (280 - 134) kJ/kg = 7.3 kW 


i 
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4.124 

A modern jet engine has a temperature after combustion of about 1500 K at 3200 
kPa as it enters the turbine setion, see state 3 Fig. P.4.124. The compressor inlet is 
80 kPa, 260 K state 1 and outlet state 2 is 3300 kPa, 780 K; the turbine outlet state 
4 into the nozzle is 400 kPa, 900 K and nozzle exit state 5 at 80 kPa, 640 K. 
Neglect any heat transfer and neglect kinetic energy except out of the nozzle. Find 
the compressor and turbine specific work terms and the nozzle exit velocity. 

Solution: 

The compressor, turbine and nozzle are all steady state single flow devices 
and they are adiabatic. 

We will use air properties from table A.7.1: 

h, = 260.32, h 2 = 800.28, h 3 = 1635.80, h 4 = 933.15, h 5 = 649.53 kJ/kg 
Energy equation for the compressor gives 

w c in = h 2 - hj = 800.28 - 260.32 = 539.36 kJ/kg 
Energy equation for the turbine gives 

w T = h 3 - h 4 = 1635.80 - 933.15 = 702.65 kJ/kg 
Energy equation for the nozzle gives 

h 4 = h 5 + Vi V 3 

x / 2 V 3 = h 4 - h 5 = 933.15 - 649.53 = 283.62 kJ/kg 

V 5 = [2( h 4 - h 5 ) ] 1/2 = ( 2x 283.62 xlOOO ) 1/2 = 753 m/s 
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4.125 

A proposal is made to use a geothermal supply of hot water to operate a steam 
turbine, as shown in Fig. P4.125. The high-pressure water at 1.5 MPa, 180°C, is 
throttled into a flash evaporator chamber, which forms liquid and vapor at a lower 
pressure of 400 kPa. The liquid is discarded while the saturated vapor feeds the 
turbine and exits at 10 kPa, 90% quality. If the turbine should produce 1 MW, 
find the required mass flow rate of hot geothermal water in kilograms per hour. 


Solution: 

Separation of phases in flash-evaporator 
constant h in the valve flow so 

Table B. 1.3: hj = 763.5 kJ/kg 
h, = 763.5 = 604.74 + x x 2133.8 

=> x = 0.07439 = m 2 /mi 
Table B. 1.2: h 2 = 2738.6 kJ/kg; 



2 Sat. vapor 


_ . Sat. liquid Jf- 
out 




W 

"=> 


h 3 = 191.83 + 0.9 x 2392.8 = 2345.4 kJ/kg 
Energy Eq.4.12 for the turbine 

. 1000 kW 

m 2“ 2738.6 - 2345.4 kJ/kg 


W = m 2 (h 2 - h 3 ) 


=> 


= 2.543 kg/s 


m 1 = m 2 /x = 34.19 kg/s = 123 075 kg/h 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Transient processes 
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4.126 

An initially empty cylinder is filled with air from 20°C, 100 kPa until it is full. 
Assuming no heat transfer is the final temperature larger, equal to or smaller than 

20°C? Does the final T depend on the size of the cylinder? 


This is a transient problem with no heat transfer and no work. The balance 
equations for the tank as C.V. become 

Continuity Eq.: m 2 - 0 = mj 

Energy Eq.: m 2 u 2 _ 0 = mjhj + Q - W = mjhj + 0-0 

Final state: u 2 = hj & P 2 = Pj 


T 2 > Tj and it does not depend on V 
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4.127 

An initially empty canister of volume 0.2 m is filled with carbon dioxide from a 
line at 800 kPa, 400 K. Assume the process runs until it stops by itself and it is 
adiabatic. Use constant specific heat to find the final temperature in the canister. 

C.V. Canister and valve, transient process with no heat transfer or work. 


Continuity Eq.4.15: m 2 - m 1 = m in ; 

Energy Eq.4. 16: m 2 u 2 - m , u , = - m in h in + ,Q 2 - ,W 2 


Process: 
State 1: 
State 2: 
Energy Eq.: 


1Q2 = 0, V= constant so jW 2 = 0 

mi = 0 => m 2 = m in 

P 2 = P|i nc = 800 kPa, one more property 

u 2 = hin = u in + RT in => C vo T 2 = C vo T in + RT in = C Po T in 

T 2 = (Cp 0 /C vo ) T in = k X T in = 1.289 x 400 K = 515.6 K 
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4.128 

Repeat the previous problem but use the ideal gas Tables A. 8 to solve it. 
C.V. Canister and valve, transient process with no heat transfer or work. 


Continuity Eq.4.15: m 2 - m 1 = m in ; 

Energy Eq.4. 16: m 2 u 2 - m , u , = - m in h in + ,Q 2 - ,W 2 


Process: 
State 1: 
State 2: 
Energy Eq.: 


1Q2 = 0, V= constant so jW 2 = 0 

mi = 0 => m 2 = m in 

P 2 = P|j nc = 800 kPa, one more property 

u 2 = h in = 303.76 kJ/kg from A. 8 

back interpolate for u 2 : T 2 = 495.9 K 
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4.129 

A tank contains 1 m 3 air at 100 kPa, 300 K. A pipe flowing air at 1000 kPa, 300 
K is connected to the tank and it is filled slowly to 1000 kPa. Find the heat 
transfer to reach a final temperature of 300 K. 


C.V. The tank volume and the compressor. 
This is a transient problem (filling of tank). 


l in 


Continuity Eq.4.15: m 2 - mj = m 

Energy Eq.4.16: m 2 u 2 - m , u , = ,Q 2 - ,W 2 + m in h 

Process: Constant volume jW 2 = 0 , 

States: uj = u 2 = u in = u 300 ; h in = u in + RT m 


] Q 



in 


mi = P^^RTj = 100 kPa x 1 m 3 /(0.287 kJ/kg-K x 300 K) 

= 1.1614kg 

m 2 = P 2 V 2 /RT 2 = 1000 kPa x 1 m 3 /(0.287 kJ/kg-K x 300 K) 

= 11.6144 kg 

Heat transfer from the energy equation 

lQ 2 = m 2 u 2 - m lUl - m in h in = (m : + m in ) Uj - m lUl - rn in u m - m in RT in 


= m lUi - m lUl + m inUl - m in u in - m in RT in = - m in RT in 
= (11.6144- 1.1614) kg x 0.287 kJ/kg-K x 300 K = -900 kj 
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4.130 

A 1-m tank contains ammonia at 150 kPa, 25°C. The tank is attached to a line 
flowing ammonia at 1200 kPa, 60°C. The valve is opened, and mass flows in until 
the tank is half full of liquid, by volume at 25 °C. Calculate the heat transferred 
from the tank during this process. 

Solution: 

C.V. Tank. Transient process as flow comes in. 

State 1 Table B.2.2 interpolate between 20 °C and 30°C: 

vj = 0.9552 m 3 /kg; Uj = 1380.6 kJ/kg 
mj = V/vj = 1/0.9552 = 1.047 kg 

State 2: 0.5 m 3 liquid and 0.5 m 3 vapor from Table B.2.1 at 25°C 
v f = 0.001658 m 3 /kg; v g = 0.12813 m 3 /kg 

m LlQ2 = 0.5/0.001658 = 301.57 kg, m VAP2 = 0.5/0.12813 = 3.902 kg 
m 2 = 305.47 kg, x 2 = m VA p 2 /m 2 = 0.01277, 

From continuity equation 

mj = m 2 - m i = 304.42 kg 

Table B.2.1: u 2 = 296.6 + 0.01277 x 1038.4 = 309.9 kJ/kg 

State inlet: Table B.2.2 hj = 1553.3 kJ/kg 

Energy Eq.4.16: 

Qcv + m i h i = m 2 u 2 - mtut 

Q cv = 305.47 x 309.9 - 1.047 x 1380.6 - 304.42 x 1553.3 = -379 636 kj 



line 


Q 
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4.131 

A 2.5-L tank initially is empty and we want 10 g of ammonia in it. The ammonia 
comes from a line with saturated vapor at 25°C. To end up with the desired amount 
we cool the can while we fill it in a slow process keeping the can and content at 
30°C. Find the final pressure to reach before closing the valve and the heat 
transfer? 

Solution: 

C.V. Tank: 

Continuity Eq . 4 . 1 5 : m j = m 2 

Energy Eq.4. 16: m 2 u 2 - 0 = mjhj + jQ 2 

State 2: 30°C, v 2 = V/m 2 = 0.0025 m 3 /0.010 kg = 0.25 m 3 /kg 

From Table B.2.2 we locate the state between 500 and 600 kPa. 

0.25-0.28103 

P 2 = 500 + (600 - 500)q 23152 - 0 28103 = ^2.7 kPa 
u 2 = 1370 kJ/kg, 

State i Table B.2.2: hj = 1463.5 kJ/kg 

Now use the energy ewquation to solve for the heat transfer 

lQ2 = m 2 u 2 - m i h i = m 2( u 2 - h i) 

= 0.01 kg X (1370 - 1463.5 ) kJ/kg = - 0.935 kj 
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4.132 

An evacuated 150-L tank is connected to a line flowing air at room temperature, 
25°C, and 8 MPa pressure. The valve is opened allowing air to flow into the tank 
until the pressure inside is 6 MPa. At this point the valve is closed. This filling 
process occurs rapidly and is essentially adiabatic. The tank is then placed in 
storage where it eventually returns to room temperature. What is the final pressure? 

Solution: 

C.V. Tank: 

Continuity Eq.4. 15: nij = m2 

Energy Eq. 4. 16: nijhj = m 2 u 2 => U2 = hj 

Use constant specific heat Cp G from table A. 5 then energy equation: 

T 2 = (C P /C V ) Tj = kTp 1.4 x 298.2 = 417.5 K 
Process: constant volume cooling to T3: 

p 3 = p 2 x T 3 /T 2 = 6.0 MPa x 298.15 K / 417.5 K = 4.29 MPa 
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4.133 

An insulated 2-m tank is to be charged with R- 134a from a line flowing the 
refrigerant at 3 MPa, 90°C. The tank is initially evacuated, and the valve is closed 
when the pressure inside the tank reaches 3 MPa. Find the mass in the tank and its 
final temperature. 

C.V. Tank and valve, transient process with no heat transfer or work. 


Continuity Eq.4.15: m 2 - nq = mj n ; 

Energy Eq.4. 16: m 2 u 2 - m,u, = - m in h in + iQ 2 - ]W 2 


Process: 
State 1: 
State 2: 
Energy Eq.: 


1Q2 = 0’ V= constant so ( W 2 = 0 
mi = 0 => m 2 = m in 

P 2 = P|j nc = 3 MPa, one more property 
u 2 = h in = 436. 19 kJ/kg 


436.19-433.77 

State 2: (P, u) interpolate B.5.2: T 2 = 100 + 10 445 qg _ 433 77 = 101.9 C, 


v 2 = 0.00665 + 0.1904 (0.00734 - 0.00665) = 0.006781 m 3 /kg 
m 2 = V/v 2 = [2 m 3 /0. 006781 m 3 /kg] = 294.9 kg 
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4.134 

Find the final state for the previous problem if the valve is closed when the tank 
reaches 2 MPa. 

C.V. Tank and valve, transient process with no heat transfer or work. 


Continuity Eq.4.15: m 2 - irq = mj n ; 

Energy Eq.4.16: m 2 u 2 - m^ = - m in h in + : Q 2 - 2 W 2 


Process: 

State 1: 

State 2: 
Energy Eq.: 

State 2: (P, u) 


1Q2 = 0 ’ V= constant so ( W 2 = 0 
mi = 0 => m 2 = m in 

P 2 = 2 MPa, one more property 
u 2 = h in = 436. 19 kJ/kg 

B.5.2: T 2 = 90°C very close, v 2 = 0.01 137 m 3 /kg 
m 2 = V/v 2 = [2 m 3 /0.01 137 m 3 /kg] = 175.9 kg 
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4.135 

Helium in a steel tank is at 250 kPa, 300 K with a volume of 0.1 m . It is used to 
fill a balloon. When the tank pressure drops to 150 kPa the flow of helium stops 
by itself. If all the helium still is at 300 K how big a balloon did I get? Assume 
the pressure in the balloon varies linearly with volume from 100 kPa (V = 0) to 
the final 150 kPa. How much heat transfer did take place? 


Solution: 

Take a C.V. of all the helium. 

This is a control mass, the tank mass 
changes density and pressure. 

Energy Eq.: U 2 - U : = : Q 2 - jW 2 

Process Eq.: P = 100 + CV 
State 1: P 1 ,T 1 ,V 1 

State 2: P 2 , T 2 , V 2 = ? 

Ideal gas: 

P 2 V 2 = mRT 2 = mRTj = Pj V] 



V 2 = Vi(P!/P 2 ) = O.lx (250/150) = 0.16667 m 3 


v bal = v 2~ v l =°- 16667 -0.1 =0.06667 m 3 


: W 2 = | P dV = AREA = Vi ( Pi + P 2 )( V 2 -V! ) 

= i/ 2 ( 250 + 150) kPa x 0.06667 m 3 = 13.334 kJ 


U 2 - U] - 2 Q 2 - i W 2 - m (u 2 - u^ - mC v ( T 2 -T ( ) - 0 
so X Q 2 = {W 2 = 13.334 kJ 


Remark: The process is transient, but you only see the flow mass if you select the 
tank or the balloon as a control volume. That analysis leads to more terms that 
must be elliminated between the tank control volume and the balloon control 
volume. 
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4.136 

A 25-L tank, shown in Fig. P4.136, that is initially evacuated is connected by a 
valve to an air supply line flowing air at 20°C, 800 kPa. The valve is opened, and 
air flows into the tank until the pressure reaches 600 kPa.Determine the final 
temperature and mass inside the tank, assuming the process is adiabatic. Develop 
an expression for the relation between the line temperature and the final 
temperature using constant specific heats. 

Solution: 

C.V. Tank: 

Continuity Eq.4. 1 5 : m 2 = nij 
Energy Eq.4. 16: m 2 u 2 = rrijhj 

Table A.7: u 2 = hj = 293.64 kJ/kg 

=> T 2 = 410.0 K 



p 2V 600 x 0,025 n 
m 2 “ RT 2 “ 0.287 x 410 “ 01275 k § 

Assuming constant specific heat, 

hi = uj + RTj = u 2 , RT, = u 2 - uj = C V0 (T 2 - Tj) 

fC Po 3 


Cvo^ - ( C V o + R )Ti - Cp 0 Tj , T 2 - r Tj - 
For Tj = 293.2K & constant C Po , T 2 = 1.40x293.2 = 410.5 K 
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4.137 

A nitrogen line, 300 K and 0.5 MPa, shown in Fig. P4.137, is connected to a 

turbine that exhausts to a closed initially empty tank of 50 m . The turbine 
operates to a tank pressure of 0.5 MPa, at which point the temperature is 250 K. 
Assuming the entire process is adiabatic, determine the turbine work. 

Solution: 

C.V. turbine & tank => Transient process 

Conservation of mass Eq. 4. 15: nij = m 2 => m 

Energy Eq.4.16: nijhj = m 2 u 2 + W cv ; W C y = m(hj - u 2 ) 

Table B.6.2: P t = 0.5 MPa, Tj = 300 K, Nitrogen; hj = 310.28 kJ/kg 

2: P 2 = 0.5 MPa, T 2 = 250 K, u 2 = 183.89 kJ/kg, v 2 = 0.154 m 3 /kg 

m 2 = V/v 2 = 50 m 3 / (0.154 m 3 /kg) = 324.7 kg 
W cv = 324.7 kg (310.28 - 183.89) kJ/kg = 41 039 kJ = 41.04 MJ 



We could with good accuracy have solved using ideal gas and Table A. 5 
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A 1- m rigid tank contains 100 kg R-410A at ambient temperature 15°C. A valve 
on top of the tank is opened, and saturated vapor is throttled to ambient pressure, 
100 kPa, and flows to a collector system. During the process, the temperature 
inside the tank remains at 15°C. The valve is closed when no more liquid remains 
inside. Calculate the heat transfer to the tank. 


C.V. Tank, no work and neglect kinetic and potential energies. 
Continuity Eq.4.15: m 2 - m 1 = - m e 

Energy Eq.4.16: m 2 u 2 - m^ = jQ 2 - m e h e 

State 1 has V} = V/irq = 1/100 = 0.01 m 3 /kg < v g so two-phase 
B.4.1: Xi = (0.01 - 0 . 000904)/0 .01955 = 0.46527 


uj = Uf + x^Uf a = 80.02 -t-xj x 177.1 = 162.42 kJ/kg 
State 2 is saturated vapor T 2 = 15°C 

v 2 = v g = 0.02045 m 3 /kg, u 2 = u g = 257.12 kJ/kg 


m 2 = V/v 2 


1 nv 


0.02045 m /kg 


= 48.9 kg 


The exit state e: h e = h g = 282.79 kJ/kg 


lQ 2 = m 2 u 2 - mjuj + m e h e 

= 48.9 x 257.12 - 100 x 162.42 + (100 - 48.9) x 282.79 

= 10 782 kj 
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A 200 liter tank initially contains water at 100 kPa and a quality of 1%. Heat is 
transferred to the water thereby raising its pressure and temperature. At a pressure 
of 2 MPa a safety valve opens and saturated vapor at 2 MPa flows out. The 
process continues, maintaining 2 MPa inside until the quality in the tank is 90%, 
then stops. Determine the total mass of water that flowed out and the total heat 
transfer. 


Solution: 

C.V. Tank, no work but heat transfer in and flow 
out. Denoting State 1: initial state, State 2: valve 
opens, State 3: final state. 

Continuity Eq.: m 3 - m 2 = - m e 

Energy Eq.: 1113U3 - nifUf = - m e h e + fQ 3 



State 1 Table B.1.2: 


State 3 (2MPa): 


Exit state (2MPa): 


Vi = v f + xjVfg = 0.001043 + 0.01x1.69296 
= 0.01797 m 3 /kg 

uj = u f + xjUfg = 417.33 + 0.01x2088.72 = 438.22 kJ/kg 
m 2 = V/vj = 0.2 m 3 /(0. 01797 m 3 /kg) = 11.13 kg 
v 3 = v f + x 3 v fg = 0.001 177 + 0.9x0.09845 = 0.8978 m 3 /kg 
u 3 = Uf + x 3 Uf g = 906.42 + 0.9x1693.84 = 2430.88 kJ/kg 

m 3 = V/v 3 = 0.2 m 3 /(0. 08978 m 3 /kg) = 2.23 kg 
h e = h g = 2799.51 kJ/kg 


Hence: 


m e = mf - m 3 = 11.13 kg - 2.23 kg = 8.90 kg 


Applying the 1st law between state 1 and state 3 


lQ3 = m 3 u 3 - m l u l + m e h e 

= 2.23 x 2430.88 - 11.13 x 438.22 + 8.90 x 2799.51 
= 25 459 kJ = 25.46 MJ 
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A 1-L can of R-134a is at room temperature 20°C with a quality 50%. A leak in 
the top valve allows vapor to escape and heat transfer from the room takes place 
so we reach a final state of 5°C with a quality of 100%. Find the mass that 
escaped and the heat transfer. 

Solution: 

CV The can of R-134a not including the nozzle/valve out to ambient 20°C 

Continuity Eq.: m 2 ~ m l = - m e 

Energy Eq.: m 2 u 2 - m 1 u 1 = - m e h e + jQ 2 - ,W 2 

Process Eq.: V = constant => jW 2 = J PdV = 0 

State 1: (T,x) Vj = v f + XjVf g = 0.000817 + 0.5 x 0.03524 = 0.018437 nrVkg 
uj = Uf + x ] Uf-g = 227.03 + 0.5 x 162.16 = 308.11 kJ/kg 

mi = V / vj = 0.001 m 3 / 0.018437 m 3 /kg = 0.05424 kg 

State 2: (T,x) 

v 2 = v g = 0.05833 m 3 /kg, u 2 = u g = 380.85 kJ/kg 
m 2 = V/v 2 = 0.001 m 3 / 0.05833 m 3 /kg = 0.017144 kg 

Exit state e: Saturated vapor starting at 20°C ending at 5°C so we take an 

average 

h e = 0.5(h el + h e2 ) = 0.5 (409.84 + 401.32) = 405.58 kJ/kg 
m e = mi - m 2 = 0.0371 kg 

The heat transfer from the energy equation becomes 

lQ 2 = m 2 u 2 - m^Uj + m e h e = 6.5293 - 16.7119 + 15.047 = 4.864 kj 


Sat. vapor 
out 


Vapor 


Liquid 
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A 2 m tall cylinder has a small hole in the bottom. It is filled with liquid water 1 
m high, on top of which is 1 m high air column at atmospheric pressure of 100 
kPa. As the liquid water near the hole has a higher P than 100 kPa it runs out. 
Assume a slow process with constant T. Will the flow ever stop? When? 


Solution: 

Pbot — Pair PgPf 

For the air PV = mRT and the total height is H = 2 m 
P^ = mRT/V air ; V air = A L air = A ( H - L f ) 

m a R a T a Palpal Palpal 

Pbot = A(H-L f ) + pfg Lf = A(H-L f ) + pf gLf = H-Lf + pf gLf “ P 


O 


Solve for L f ; p f = l/(v f ) = 1/0.0021002= 998 kg/m 3 
P al L al + p f g L f ( H - L f ) > P 0 ( H - L f ) 

(pfgH + P G ) L f - p f gL 2 f = P 0 H - P al L al > 0 
Put in numbers and solve quadratic eq. 


P„H - PoiL 


al^al 


L'f - [ H +(P 0 /pg) ] L f + pa 
100 kPa m 3 s 3 

(P 0 /pg) = 998 x9 807 kg m = 10-217 m 


= 0 


PqH - P a iL a i 100(2-1) 


Pg 


998x9.807 


= 10.217 m 


L f - 12.217 L f + 10.217 = 0 


Lf = 


12.217 . /12.217 2 12.217 



1 m 


1 m 


A 


i 


♦ 



2 V 4 4 

=>11.314 or 0.903 m 


= 6.1085 + 5.2055 
so the second root is the solution 


Verify 


L 


PoO = P. 


at 


= 100 


1 


= 91.158 kPa 


a2 — r al- H-Lf — 2 - 0.903 

pgLf = 998 x 9.807 x 0.903 = 8838 Pa = 8.838 kPa 
p bot = P a2 + pgLf = 91.158 + 8.838 = 99.996 kPa OK 
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A pipe of radius R has a fully developed laminar flow of air at P G , T 0 with a 

velocity profile as: V = V c [1 - (r/R) ], where V c is the velocity on the center- 

line and r is the radius as shown in Fig. P4.142. Find the total mass flow rate and 
the average velocity both as functions of V c and R. 

m = AV/v = V/v 

Since the velocity is distributed we need to integrate over the area. From Eq.4.2 

V = f V local dA = / V(r) 2 Tir dr 
where W is the depth. Substituting the velocity we get 

V = / V c 2?ir [1 - (r/R) 2 ] dr 

1 

= 271 V c R 2 f z (1 - z 2 ) dz 
0 

= 27i V c R 2 (y z 2 - ^ z 4 I q = |v c R 2 =|v c A 

V = V /A = y V c 

m = V/v = f V c R 2 /v 
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Steam at 3 MPa, 400°C enters a turbine with a volume flow rate of 5 m /s. An 
extraction of 15% of the inlet mass flow rate exits at 600 kPa, 200°C. The rest 
exits the turbine at 20 kPa with a quality of 90%, and a velocity of 20 m/s. 
Determine the volume flow rate of the extraction flow and the total turbine work. 

Solution: 

Inlet flow (Table B.1.3): Vj = 0.09936 m 3 /kg, hj = 3230.82 kJ/kg 

m, = V/v, = 5/0.09936 = 50.32 kg/s 
Extraction flow : V2 = 0.35202 m 3 /kg; I12 = 2850.12 kJ/kg 


• • 

m 2 = 0.15 7.55 kg/ s; 

V 2 = m 2 v = 7.55 kg/s x 0.35202 m 3 /kg = 2.658 m 3 / s 


Exit flow : m3 = 0.85 mj= 42.77 kg /s 

Table B.1.2 h 3 = 251.38 + 0.9 x 2358.33 = 2373. 88 kJ/kg 


Energy Eq.: 



• • • • 

W T = mj hj - m 2 h2 - m 3 h 3 


= 50.32 x 3230.82 - 7.55 x 2850.12 - 42.77 x 2373.88 
= 39 525 kW = 39.5 MW 


Inlet 

flow 
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In a glass factory a 2 m wide sheet of glass at 1500 K comes out of the final 
rollers that fix the thickness at 5 mm with a speed of 0.5 m/s. Cooling air in the 

amount of 20 kg/s comes in at 17°C from a slot 2 m wide and flows parallel with 
the glass. Suppose this setup is very long so the glass and air comes to nearly the 
same temperature (a co-flowing heat exchanger) what is the exit temperature? 

Solution: 

• • • • 

Energy Eq.: m glass h glass , + m air h air 2 = m g lass h g i ass 3 + m air h air 4 


m a l ass = pV = pAV = 2500 kg/nr x 2 m x 0.005 m x 0.5 m/s = 12.5 kg/s 

Sass C glass < ' T 3 " ' T 1 > + ^ir C pa ( T 4 - T 2 ) = 0 
T 4 = T 3 > C glass = 0.80 kJ/kg K, Cp a = 1.004 kJ/kg K 

m glass C glass T 1 + m air C Pa T 2 12.5x0.80x1500 + 20x1.004x290 

T 3 - - — — - — K 


m . C , + m . C D 

glass glass air Pa 


12.5x0.80 + 20x1.004 


= 692.3 K 


We could use table A.7.1 for air, but then it will be trial and error 
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Assume a setup similar to the previous problem but the air flows in the opposite 
direction of the glass, it comes in where the glass goes out. How much air flow at 

17°C is required to cool the glass to 450 K assuming the air must be at least 120 
K cooler than the glass at any location? 

Solution: 

• • • • 

Energy Eq.: m ] h ] + m 4 h 4 = m 3 h 3 + n^l^ 

T 4 = 290 K and T 3 = 450 K 

m g i ass = pV = pAV = 2500 kg/m 3 x 2 m x 0.005 m x 0.5 m/s = 12.5 kg/s 


T 2 < Tj - 120 K= 1380 K 

.... hj-h 3 
m = m 4 = m 2 = m li ^ 

Let us check the limit and since T is high use table A. 7.1 for air. 


h 4 = 290.43 kJ/kg, h 2 = 1491.33 kJ/kg 

. • • • h r h 3 . c glass ( T r T 3 ) 

m = m 4 = m 2 = m li ^ = m 1 — ^ 


L 2 -ii4 


0.8 (1500-450) 

m — 12.5 kg/s 33 — 290 43 ~~ kg/s 
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Two kg of water at 500 kPa, 20°C is heated in a constant pressure process to 
1700°C. Find the best estimate for the heat transfer. 

Solution: 

C.V. Heater; steady state 1 inlet and exit, no work term, no AKE, APE . 

• • • 

Continuity Eq.: m n) = m ex = m, 

Energy Eq.4. 13: q + h in = h ex => q = h ex - h in 

steam tables only go up to 1300°C so use an intermediate state at lowest 
pressure (closest to ideal gas) h x (1300°C, 10 kPa) from Table B.1.3 and table 

A. 8 for the high T change Ah from 1300°C to 1700°C. 

hex - h in = (hex ' h x ) + (h x - h in ) 

= (4515.55 - 3416.77) + (5409.7 - 83.96) = 6424.5 kJ/kg 
Q = m(h ex - h in ) = 2 x 6424.5 = 12 849 kj 

Why is it done this way? The two tables have different offset values for h. Once 
differences in h between two states are taken from the same table the offset goes 
out. 
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A 500-L insulated tank contains air at 40°C, 2 MPa. A valve on the tank is 
opened, and air escapes until half the original mass is gone, at which point the 
valve is closed. What is the pressure inside then? 


Solution: 

2000 x 0.5 

State 1: ideal gas m 2 = PjV/RTj = q x 3 1 3 2 = kg 

Continuity eq. 4. 15: m e = m^ - m 2 , m 2 = m^/2 => m e = m 2 = 5.5625 kg 

Energy Eq.4. 16: m 2 u 2 - m 1 u 1 = - m e h e avg 

Substitute constant specific heat from table A. 5 and evaluate the exit enthalpy 
as the average between the beginning and the end values 

h e avg ~ Cp (Ti + T 2 )/2 

5.5625x0.717 T 2 - 11.125x0.717x313.2 = - 5.5625x1.004 (313.2 + T 2 )/2 
Solving, T 2 = 239.4 K 


m 2 RT 2 
p 2= v 


5.5625 x 0,287 x 239.4 
0.5 


= 764 kPa 
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Three air flows all at 200 kPa are connected to the same exit duct and mix without 
external heat transfer. Flow one has 1 kg/s at 400 K, flow two has 3 kg/s at 290 K 
and flow three has 2 kg/s at 700 K. Neglect kinetic energies and find the volume 
flow rate in the exit flow. 


Solution: 

Continuity Eq. mi+ m 2 + m 3 = m 4 h 4 
Energy Eq.: irqhj + m 2 h 2 = m 3 h 3 + m 4 h 4 

V 4 = m v 4 

mi m 2 m 3 1 3 2 

h 4 = hj + h 2 + h 3 = g x 401.3 + g x 290.43 + g x 713.56 

m 4 m 4 m 4 


= 449.95 kJ/kg 

449 . 95 . 441.93 

T 4 - 440 + 20 462.34 - 441.93 “ 447 ' 86 K 

v 4 = RT 4 /P 4 = 0.287 kJ/kg-K x 447.86 K/200 kPa = 0.643 m 3 /kg 


V 4 = m 4 v 4 = 6 x 0.643 = 3.858 nr/s 





4 
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Consider the power plant as described in Problem 4.121. 

a. Determine the temperature of the water leaving the intermediate pressure 
heater, T i 3 , assuming no heat transfer to the surroundings. 

b. Determine the pump work, between states 13 and 16. 

Solution: 

a) Intermediate Pressure Heater 

Continuity Eq.: mu = m 13 ; m 12 + 1^15 = m 14 feedwater line closed 

Energy Eq.4.10: m n h n + m 12 h 12 + m 15 h 15 = m 13 h 13 + m 14 h 14 

m 14 = m 12 + m 15 = 8.064 + 4.662 = 12.726 kg/s 
75.6x284.6 + 8.064x2517 + 4.662x584 = 75.6xh 13 + 12.726x349 
h 13 = 530.35 kJ/kg -> T 13 = 126.3°C 

b) The high pressure pump 

• • • 

Energy Eq.4. 12: m 13 h 13 = m 16 h 16 + W CvP 

W Cv ,P = m 13 (h 13 - h 16 ) = 75.6 kg/s (530.35 - 565) kJ/kg = -2620 kW 
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Consider the powerplant as described in Problem 4.121. 

a. Find the power removed in the condenser by the cooling water (not shown). 

b. Find the power to the condensate pump. 

c. Do the energy terms balance for the low pressure heater or is there a 
heat transfer not shown? 

Solution: 

a) Condenser: 


Continuity Eq.: 1115 + irqo = mg; also 015 = 1113 - 1119-1113 

Energy Eq.4. 10: Q cv + m 5 h 5 + m 10 hi 0 = m 6 h 6 

miO = rh 6 - m 5 = m 6 - (m 3 - m 9 - iii 8 ) 

= 75.6 - (62.874 - 4.662 - 2.772) = 75.6 - 55.44 = 20.16 kg/s 


Q cv + 55.44 x 2279 + 20.16 x 142.51 = 75.6 x 138.3 


Q cv = -118 765 kW = -118.77 MW 

b) The condensate pump 

W Cv ,P = m 6 (h 6 - h 7 ) = 75.6 kg/s (138.31 - 140) kJ/kg = -127.8 kW 

c) Low pressure heater Assume no heat transfer 


• • • • • • 

m 14 h 14 + m 8 hg + m 7 h 7 + m 9 h 9 = m 10 h 10 + m^h^ 

LHS = 12.726x349 + 2.772x2459 + 75.6x140 + 4.662x558 = 24 443 kW 
RHS = (12.726 + 2.772 + 4.662) x 142.51 + 75.6 x 284.87 = 24 409 kW 
A slight imbalance, but OK. 
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A 1-m , 40-kg rigid steel tank contains air at 500 kPa, and both tank and air are at 
20°C. The tank is connected to a line flowing air at 2 MPa, 20°C. The valve is 
opened, allowing air to flow into the tank until the pressure reaches 1.5 MPa and 
is then closed. Assume the air and tank are always at the same temperature and 
the final temperature is 35°C. Find the final air mass and the heat transfer. 

Solution: 

Control volume: Air and the steel tank. 

Continuity Eq.4.15: m 2 " m l = mj 

Energy Eq.4.16: (m 2 u 2 - mjUj)^ + m sx (u 2 - Uj) ST = irijhj + : Q 2 

p l v 500 x 1 

m l AIR “ RT : “ 0.287 x 293.2 “ 5M kg 
P 2 V 1500 x 1 

m 2 AIR - rt 2 - 0.287 x 308.2 “ 16,96 kg 
m i = (m 2 - mj)^ = 16.96 - 5.94 = 11.02 kg 
The energy equation now gives 

lQ 2 = (m 2 u 2 - m lUl ) air + m st (u 2 - Uj) st - m^ 

= mj(u 2 - uj) + mj(u 2 - Uj - RTj) + m st C st (T 2 - Tj) 

= mi C v (T 2 - Tj) + mi [C v (T 2 - Tj) - RTjJ + m st C st (T 2 - Tj) 

= 5.94 x 0.717(35 - 20) + 11.02[0.7 17(35 - 20) - 0.287x 293.2] 

+ 40 x 0.46(35 - 20) 

= 63.885 - 808.795 + 276 

= - 468.9 kj 
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A steam engine based on a turbine is shown in Fig. P4.152. The boiler tank has a 
volume of 100 L and initially contains saturated liquid with a very small amount 
of vapor at 100 kPa. Heat is now added by the burner, and the pressure regulator 
does not open before the boiler pressure reaches 700 kPa, which it keeps constant. 
The saturated vapor enters the turbine at 700 kPa and is discharged to the 
atmosphere as saturated vapor at 100 kPa. The burner is turned off when no more 
liquid is present in the boiler. Find the total turbine work and the total heat 
transfer to the boiler for this process. 

Solution: 

C.V. Boiler tank. Heat transfer, no work and flow out. 

Continuity Eq.4.15: m 2 - mj = - m e 

Energy Eq.4.16: m 2 u 2 - rn^uj = Q^y - m e h e 

State 1: Table B.1.1, 100 kPa => vj = 0.001 043, u : = 417.36 kJ/kg 
=> m : = V/v, = 0.1/0.001 043 = 95.877 kg 
State 2: Table B.1.1, 700 kPa => v 2 = v g = 0.2729, u 2 = 2572.5 kJ/kg 
=> m 2 = V/v g = 0. 1/0.2729 = 0.366 kg, 

Exit state: Table B.1.1, 700 kPa => h e = 2763.5 kJ/kg 
From continuity eq.: m e = mj - m 2 = 95.51 1 kg 

Qcv = m 2 u 2 - m l u l + m e h e 

= 0.366 x 2572.5 - 95.877 x 417.36 + 95.511 x 2763.5 
= 224 871 kJ = 224.9 MJ 


C.V. Turbine, steady state, inlet state is boiler tank exit state. 

Turbine exit state: Table B.1.1, 100 kPa => h e = 2675.5 kJ/kg 

w turb = m e (V' h ex) = 95.511 x (2763.5 - 2675.5) = 8405 kJ 


BOILER Pressure regulator Adiabatic turbine 



W 
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An insulated spring-loaded piston/cylinder, shown in Fig. P4.153, is connected to 
an air line flowing air at 600 kPa, 700 K by a valve. Initially the cylinder is empty 
and the spring force is zero. The valve is then opened until the cylinder pressure 
reaches 300 kPa. By noting that u 2 = u line + C V (T 2 - T line ) and h line - u line = 

RTiine find an expression for T 2 as a function of P 2 , P 0 , T line . With P = 100 kPa, 
find T 2 . 

Solution: 

C.V. Air in cylinder, insulated so iQ 2 = 0 

Continuity Eq.4.15: m 2 - mj = m in 

Energy Eq.4.16: m 2 u 2 - m , u , = m in h line - ,W 2 

mj = 0 => m in = m 2 ; m 2 u 2 = m 2 hii ne - \ (Po + P 2 )m 2 v 2 
=> u 2 + \ ( p 0 + p 2) v 2 = h line 


Use constant specific heat in the energy equation 

1 


Cy(T 2 - Tline) + u line + 2 ( P 0 + p 2 l p T 2 /P 2 - hp ne 

T 2 = (R + C v )Tii ne 


1 P0+P2 

+ 2 P-> K 


R _j_ C 

with #'s: T 2 = — T line ; C v /R = l/(k-l) , k 

2 R + Cy 

k - 1 + 1 3k 

T 2 - 2 2 Tline - 2k + 1 Tline - 1-105 Tp ne 

3 k ' 3 + 1 


= 1.4 


= 773.7 K 
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4.154 

A mass-loaded piston/cylinder, shown in Fig. P4.154, containing air is at 300 kPa, 

17°C with a volume of 0.25 m , while at the stops V = 1 m . An air line, 500 kPa, 
600 K, is connected by a valve that is then opened until a final inside pressure of 
400 kPa is reached, at which point T = 350 K. Find the air mass that enters, the 
work, and heat transfer. 

Solution: 

C.V. Cylinder volume. 

Continuity Eq.4.15: m 2 " m l = m in 

Energy Eq.4.16: m 2 u 2 - m , u , = m in h line + Q cv - iW 2 

Process: Pj is constant to stops, then constant V to state 2 at P 2 

PlV 300 x 0,25 

State 1: P h T : m : - RT ^ - q 2 g 7 x 2 90.2 _ °' 90 kg 


State 2: 

Open to P 2 = 400 kPa, T 2 = 350 K 
400 x 1 

m 2 “ 0.287 x 350 - 3 - 982 k § 
mj = 3.982 - 0.90 = 3.082 kg 

Only work while constant P 

,W 2 = Pj(V 2 - Vj) = 300(1 - 0.25) = 225 kj 



Energy Eq.: Q^y + nijlij = m 2 u 2 - lrqu^ + ] W 2 

Q cv = 3.982 x 0.717 x 350 - 0.90 x 0.717 x 290.2 + 225 
- 3.082 x 1.004 x 600 = -819.2 kj 

We could also have used the air tables A. 7.1 for the u’s and hj. 
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4.155 

A 2-m storage tank contains 95% liquid and 5% vapor by volume of liquified 
natural gas (LNG) at 160 K, as shown in Fig. P4.155. It may be assumed that 
LNG has the same properties as pure methane. Heat is transferred to the tank and 
saturated vapor at 160 K flows into a steady flow heater which it leaves at 300 K. 
The process continues until all the liquid in the storage tank is gone. Calculate the 
total amount of heat transfer to the tank and the total amount of heat transferred to 
the heater. 


Solution: 

CV: Tank, flow out, transient. 
Continuity Eq.: m 2 - mj = -m e 

Energy Eq.: 

QTank = m 2 u 2 - m lUl + m e h e 
At 160 K, from Table B.7: 



0.95 x 2 0.05 x 2 

m f - v f /v f - 0.00297 - 639-73 ’ m g ~ V g /v g ~ 0.03935 - 

m : = 642.271 kg, m 2 = V/v g2 = 2/0.03935 = 50.826 kg 

m lUl = 639.73(-106.35) + 2.541(207.7) = -67507 kJ 


2.541 kg 


m e = mj - m 2 = 591.445 kg 


QTank = 50.826 x 207.7 - (-67 507) + 591.445 x 270.3 

= +237 931 kJ 

CV: Heater, steady flow, P = Pg 160 K = 1593 kPa 

QHeater = m e Tank(h e " h^Heater 

= 591.445(612.9 - 270.3) = 202 629 kJ 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


ENGLISH UNIT PROBLEMS 


V 

Borgnakke Sonntag 

\ x 

/ 

\ 

Fundamentals of 
Thermodynamic s 

SOLUTION MANUAL 
CHAPTER 4 
English units 


■> © 




Borgnakke and Sonntag 


CHAPTER 4 


SUBSECTION PROB NO. 

Continuity and Flow Rates 156-159 

Single Flow Devices 160-187 

Multiple Flow Devices 188-197 

Multiple Devices, Cycle Processes 198-203 

Transient processes 204-211 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Continuity and Flow Rates 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


4.156 

2 

Refrigerant R-410A at 100 psia, 60 F flows at 0.1 lbm/s in a 2.5 ft cross sectional 
area pipe. Find the velocity and the volume flow rate. 

m = AV/v = V/v 

Table F.9.2: v = 0.6848 ft 3 /lbm 

V = v m = 0.6848 ft 3 /lbm x 0.1 lbm/s = 0.06848 ft 3 /s 

V = V / A = 0.06848 (ft 3 /s) / 2.5 ft 2 = 0.0274 ft/s 
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4.157 

Air at 95 F, 16 lbf/in. 2 , flows in a 4 in. x 6 in. rectangular duct in a heating 
system. The volumetric flow rate is 30 cfm (IVVmin). What is the velocity of the 
air flowing in the duct? 


Solution: 

Assume a constant velocity across the duct area with 
A = 4 x 6 x J^ = 0.167 ft 2 

and the volumetric flow rate from Eq.4.3, 

V = mv = AV 

V = = TTT^WTTT = 3.0 ft/s 

A 60x0.167 

Ideal gas so note: 


f 

note ideal gas: 


RT 53.34x 554.7 , A 

v = “ 5 “ = — — — — = 12.842 fr/lbm 
r 16 x 144 


m v “60 x 12.842 -°- 03891bm/s 
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4.158 

A pool is to be filled with 2500 ft water from a garden hose of 1 in. diameter 
flowing water at 6 ft/s. Find the mass flow rate of water and the time it takes to fill 
the pool. 

Solution: 

With constant velocity we have 

V = mv = AV = n x (1/12) 2 ft 2 x 6 ft/s = 0.1309 ft 3 /s 

At = V / V = 2500 ft 3 / (0.1309 ft 3 /s) = 19 098 s = 5 h 18 min 18 s 

From table F.3 we get the water density 

m = V/ v = pV = 62.2 lbm/ ft 3 x 0.1309 ft 3 /s = 8.14 lbm/s 
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4.159 

A hot air home heating system takes 500 ft /min (cfm) air at 14.7 psia, 65 F into a 
furnace and heats it to 130 F and delivers the flow to a square duct 0.5 ft by 0.5 ft 
at 15 psia. What is the velocity in the duct? 


Solution: 

The inflate flow is given by a nij 


• • 

Continuity Eq.: nij = V; / Vj = m e = A e V e /v e 


, RTi 53.34 x 525 ft 3 

Ideal gas: vj = -jT = 14 . 7 x 144 = 13-23 ^ 

RT e 53.34 lbf-ft/lbm-Rx (130 + 460) R 
Ve “ P e _ 15 psi x 144 in 2 /ft 2 

= 14.57 ft 3 / lbm 



ft 3 

m i = Vj/vj = 500 (ft 3 /min) /[60 (s/min) x 13.23 jj^J = 0.63 lbm/s 


V e = m v e / A e 


0.63 x 14.57 ft 3 /s 
0.5 x 0.5 ft 2 


= 36.7 ft/s 
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4.160 

Liquid water at 60 F flows out of a nozzle straight up 40 ft. What is nozzle V ex j t ? 

12 12 

Energy Eq.4. 13: h exit + 2 V exit + gH exit = h 2 + 2 V 2 + gH 2 

If the water can flow 40 ft up it has specific potential energy of gH 2 which must 

2 

equal the specific kinetic energy out of the nozzle V it /2. The water does not 
change P or T so h is the same. 

V e 2 xit« = 8( H 2 - H exit ) = gH => 

V exit = ^2gH = y/2 x 32.174 x 40 ft 2 /s 2 = 50.7 ft/s 
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4.161 

A diffuser receives 0.2 lbm/s steam at 80 psia, 600 F. The exit is at 150 psia, 700 
F with negligible kinetic energy and the flow is adiabatic. Find the diffuser inlet 
velocity and the inlet area. 

Solution: 

Energy Eq.4.13: 1^+ y Vj + gZ 1 = h 2 + \ V 2 + gZ 2 

Process: Z 1 = Z 2 

State 1: Table F.7.2 fq = 1330.66 Btu/lbm, Vj = 7.794 ft'Vlbm 

State 2: V 2 = 0 , Table F.7.2 h 2 = 1376.55 Btu/lbm 

Then from the energy equation 

\ Vj = h 2 - hj = 1376.55 - 1330.66 = 45.89 Btu/lbm 

V : = ^2(h 2 - h , J = ^2 x 32.174 x778 x 45.89 = 1515.7 ft/s 
The mass flow rate from Eq.4.3 
m = pAV = A V/v 

A = mv/V = 0.2 lbm/s x (7.794 ft 3 /lbm) / 1515.7 ft/s 
= 0.000103 ft 2 =0.148 in. 2 


[ 


Inlet 


Hi V 
Low 



Exit 



Low V 
Hi P, A 
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4.162 

Saturated vapor R-134a leaves the evaporator in a heat pump at 50 F, with a 
steady mass flow rate of 0.2 lbm/s. What is the smallest diameter tubing that can 
be used at this location if the velocity of the refrigerant is not to exceed 20 ft/s? 

Solution: 

• • 

Mass flow rate Eq.4.3: m = V/v = AV/v 

Exit state Table F. 10.1: (T = 50 F, x =1) => v = v g = 0.792 ft 3 /lbm 

The minimum area is associated with the maximum velocity for given m 

mv g o.2 lbm/s x 0.792 ft3/lbm ? n 2 

Amin “ V MAX “ 20 ft/s “ °- 00792 ft - 4 °MIN 

D min == 0.1004 ft = 1.205 in 



Exit 
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4.163 

In a jet engine a flow of air at 1800 R, 30 psia and 90 ft/s enters a nozzle where 
the air exits at 1500 R, 13 psia, as shown in Fig. P.4.23. What is the exit velocity 
assuming no heat loss? 


Solution: 

C.V. nozzle. No work, no heat transfer 
Continuity = m e = m 

Energy : m (h; + VWj 2 ) = m(h e + V^V e 2 ) 

Due to high T take h from table F.5 


i/ 2 V e 2 = 1/2 Vj 2 + hj - h e 
90 2 

— n . 00 1 - 7/1 -,-,0 +449.79 — 369.28 
2 x32.174 x778 

= 0.16 + 80.51 = 80.67 Btu/lbm 




V e = (2 x 32.174 lbm-ft/s 2 -lbf x778 lbf-ft/Btu x 80.67 Btu/lbm) 1/2 

= 2010 ft/s 
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4.164 

A sluice gate dams water up 15 ft. A 0.5 in. diameter hole at the bottom of the 
gate allows liquid water at 70 F to come out. Neglect any changes in internal 
energy and find the exit velocity and mass flow rate. 

Solution: 

Energy Eq.4.13: 1^+ \ Vj + gZ ( = h 2 + \ + gZ 2 

Process: fq = h 2 both at P = 1 atm 

V 1 = 0 Z : = Z 2 + 15 ft 



iV2 = S(Zl-Z2) 

V 2 = ^2g(Z l - Z 2 ) = a/ 2 x 32.174 x 15 = 31.07 ft/s 
m = pAV = AV/v = j D“ x (V 2 /v) 

= f x (0.5/12) 2 ft 2 x (31.07 ft/s) / (0.01605 ft 3 /lbm) 

= 2.639 lbm/s 
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4.165 

A diffuser shown in Fig. P4.28 has air entering at 14.7 lbf/in. 2 , 540 R, with a 
velocity of 600 ft/s. The inlet cross-sectional area of the diffuser is 0.2 in. 2 . At the 
exit, the area is 1.75 in. 2 , and the exit velocity is 60 ft/s. Determine the exit 
pressure and temperature of the air. 

Solution: 

• • 

Continuity Eq.4.3: nij = AjVj/Vj = m e = A e V e /v e , 

1 9 1 9 

Energy Eq.(per unit mass flow) 4. 13: hj + yVj = h e + ~V e 

h e - hi = (l/2)x(600 2 - 60 2 )/(32.174 x 778) = 7.119 Btu/lbm 

7.119 Btu/lbm 

T e = T i + (h e ' h i) /C p = 540 R + q .24 Btu/lbm-R = 569,7 R 


Now use the continuity equation and the ideal gas law 


v e = v i 


fA.V.'l 


fA.V.'l 

v A i V U 

= (RTj/Pi) 

v A i^iy 


= RT e /P e 



7T ^ 

A e 

fAiVp 


f569.73 

o 

so 

X 

(N 

P =P 
1 e L i 

T- 

A V 

y e ej 

= 14.7 

l 540 J 

[\ .75 X 6oJ 


17.72 lbf/in. 2 


[ 


Inlet 


Hi V 
Low 



Exit 



Low V 
Hi P, A 
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4.166 

Nitrogen gas flows into a convergent nozzle at 30 lbf/in. 2 , 600 R and very 
low velocity. It flows out of the nozzle at 15 lbf/in. 2 , 500 R. If the nozzle is 
insulated find the exit velocity. 

Solution: 

C.V. Nozzle steady state one inlet and exit flow, insulated so it is adiabatic. 



Energy Eq.4. 13: h 1 + 0 = h 2 + yVo 

V2 = 2(h 1 -h 2 ) = 2C PN2 (T!-T 2 ) 

= 2 x 0.249 Btu/lbm-R x (600 - 500) R 
= 24.9 Btu/lbm 

V 2 = 2 x 24.9 Btu/lbm x 778 lbf-ft/Btu x 32.174 lbm-ft/s 2 -lbf 

= 1 246 562 ft 2 / s 2 

V 2 = 1116 ft/s 
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4.167 

A meteorite hits the upper atmosphere at 10 000 ft/s, where the pressure is 0.1 atm 
and the temperature is -40 F. How hot does the air become right in front of the 
meteorite assuming no heat transfer in this adiabatic stagnation process? 

Solution: 

12 ] 2 

Energy Eq.: h, + 2 V : + gZj = h 2 + 2 V 2 + gZ 2 

Process: Z 1 = Z 2 and V 2 = 0 

h 2 := h 1 + 2 Vj 

1 ,, 2 / 1 10 000 2 
T 2 = Tl + .(V/C,,) = 419.67 + 2 x 024x778 x32 174 = 8742 R 

At this high temperature we cannot assume constant specific heats, so use F.5 

1.2 1 10 000 2 

h 2 = hi + 2 Vj = 100.4 + 2 x 773 x 32 174 = 2097.9 Btu/lbm 


Table F.5 is listed to 5400 R so we have to extrapolate to get 


T 2 = 5400 + 100 


2097.9 - 1515.632 
1515.632- 1484.762 


= 7286 R 


The value of C p over 5400 R is 0.309 Btu/lbmR from the last two table entries. At 

this temperature there will be some chemical reactions that should be considered 
to have a more realistic temperature. 
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4.168 

Refrigerant R-410A flows out of a cooler at 70 F, 220 psia after which it is 
throttled to 77 psia. Find the state (T, x) for the exit flow. 

C.V. Throttle. Steady state, 

Process with: q = w = 0; and Vj = V e , Zj = Z e 

Energy Eq. 4. 13: hj = h e , 

Inlet state: Table F.9.1 hj = 39.17 Btu/lbm 

Exit state: Table F.9.1 since h < h g = 118.21 Btu/lbm 

Interpolate: T = 10 F, hf = 17.0 Btu/lbm, hf 2 = 101.22 Btu/lbm 

x = (39.17 - 17.0) / 101.22 = 0.219 
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4.169 

R-410A at 90 F, 300 psia is throttled so it becomes cold at 10 F. What is exit P? 

State 1 is slightly compressed liquid so 

Table F.9.1: h = hf= 47.30 Btu/lbm 

At the lower temperature it becomes two-phase since the throttle flow has 
constant h and at 10 F: h g = 118.21 Btu/lbm 

P = P sat = 76.93 psia 
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4.170 

Saturated liquid R-410A at 30 F is throttled to 40 psia in a refrigerator. What is 
the exit temperature? Find the percent increase in the volume flow rate. 


Solution: 

Steady throttle flow. Assume no heat transfer and no change in kinetic or 
potential energy. 

h e = hj = hf 30 p = 24. 1 1 Btu/lbm = h f e + x e h fg e at 40 psia 


From table F.9.1 we get T e = T sat (40 psia) = -21 F 
h e -h fe 24.11 -6.354 


x e = 


h 


fge 


108.776 


= 0.1632 


v e = Vf + x e v fg = 0.01253 + x e 1.47584 = 0.25338 ft 3 /lbm 


v i = Vf sop = 0.01364 fr/lbm 
V = mv so the ratio becomes 


V. 


Vi 


^e_^e _ 0.25338 
V; _ 0.01364 


= 18.58 


mv ; 


So the increase is 17.58 times or 1758 % 
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4.171 

Saturated vapor R-410A at 75 psia is throttled to 15 psia. What is the exit 
temperature. Repeat the question if you assumed it behaves like an ideal gas. 

C.V. Throttle. Steady state, 

Process with: q = w = 0; and Vj = V e , Zj = Z e 

Energy Eq. 4. 13: hj = h e , 

Inlet state: Table F.9.2 hj = 118.09 Btu/lbm 

Exit state: Table F.9.2 since h > h g 

Exit state very close to T = -20 F, 

For an ideal gas h is only a function of T, so T e = Tj = 8.71 F 
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4.172 

Helium is throttled from 175 lbf/in. 2 , 70 F, to a pressure of 15 lbf/in. 2 . The. diameter 
of the exit pipe is so much larger than the inlet pipe that the inlet and exit velocities 
are equal. Find the exit temperature of the helium and the ratio of the pipe diameters. 


C.V. Throttle. Steady state, 

Process with: q = w = 0; and Vj = V e , Zj 

Energy Eq.4. 13: hj = h e , Ideal gas => 


• _ AV 
m “ RT/P 


But m, V, T are constant => 


De 

D; 


fpp 

1/2 

fl753 

v p e; 


L 15 J 


1/2 


Z e 

Tj = T e = 70 F 
PiAi = P e A e 

3.416 
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4.173 

A liquid water turbine receives 4 lbm/s water at 300 psia, 77 F with a velocity of 
50 ft/s. The exit is at 15 psia, 77 F with very low velocity. Find the specific work 
and the power produced. 


Solution: 


Energy Eq.4.13: 


, 1 „2 1 . .2 

hi + 2 * 1 + gZi - h 2 + 2 * 2 + + W T 


Process: 
State 1: 

State 2: 


Zi = Z 2 and V 2 = 0 
Table F.7.1 h, = 45.09 Btu/lbm 

Add APv = (300-0.464) x 0.01606 x 32.174/144 = 1.075 Btu/lbm 
Table F.7.1 h 2 = 45.09 

Add APv = (15-0.464) x 0.01606 x 32.174/144 = 0.052 Btu/lbm 
w x = hi + y - Vj - h 2 


1 50 2 

= (45.09 + 1.075) + y x ?78 x32 n4 - (45.09 + 0.052) 


= 1.073 Btu/lbm 


W x = m x w T = 4 x 1 .073 = 4.29 Btu/s 
Notice how insignificant the specific kinetic energy is (0.05 Btu/lbm). 

The added APv terms are due to P being higher than saturated P, see p.134. 
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4.174 

Hoover Dam across the Colorado River dams up Lake Mead 600 ft higher than 
the river downstream, as shown in Fig. P4.47. The electric generators driven by 
water-powered turbines deliver 1.2 x 10 6 Btu/s. If the water is 65 F, find the 
minimum amount of water running through the turbines. 

Solution: 


C.V.: H 2 0 pipe + turbines, 



• • 

Continuity: m in = m ex ; 



Energy Eq.4. 13: (h+ V“/2 + gz) in = (h+ V 2 /2 + gz) ex + w T 


Water states: h in = h ex ; v in = v ex 

Now the specific turbine work becomes 
w T = gZin - S z ex 

= 32.174 ft/s 2 x600 ft/(778 lbf-ft/Btu x 32.174 lbm-ft/s 2 -lbf) 

= 0.771 Btu/lbm 

m = W T /w T = 1.2xl0 6 (Btu/s) / 0.771 (Btu/lbm) = 1.556xl0 6 lbm/s 
V = mv = 1.556xl0 6 x 0.016043 = 24 963 ft 3 /s 
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4.175 

A small expander (a turbine with heat transfer) has 0. 1 lbm/s helium entering at 
160 psia, 1000 R and it leaves at 40 psia, 540 R. The power output on the shaft is 
measured to 55 Btu/s. Find the rate of heat transfer neglecting kinetic energies. 

Solution: 

C.V. Expander. Steady operation 

Continuity Eq.: ni|= m e = m 

Energy Eq.: mhj + Q = mh c + W 

Q = m (h e -hj) + W 

Use heat capacity from Table F.4: C p He = 1-24 Btu/lbm R 

Q = mC p (Tg-Tj) + W 

= 0.1 lbm/s x 1.24 Btu/lbm-R x (540 - 1000) R + 55 Btu/s 
= - 57.04 + 55 = -2.0 Btu/s 
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4.176 

A small, high-speed turbine operating on compressed air produces a power output 
of 0.1 hp. The inlet state is 60 lbf/in. 2 , 120 F, and the exit state is 14.7 lbf/in. 2 , 
-20 F. Assuming the velocities to be low and the process to be adiabatic, find the 
required mass flow rate of air through the turbine. 

Solution: 

C.V. Turbine, no heat transfer, no AKE, no APE 
Energy Eq.4. 13: h in = h ex + w T 

Ideal gas so use constant specific heat from Table A. 5 

w T = h in - h ex = C p (T in - T ex ) 

= 0.24(120 - (-20)) = 33.6 Btu/lbm 
= mw T => 

0.1 hp x 550 lbf-ft/s-hp 

= W/w x = — 1K . f-— ,,, = 0.0021 lbm/s = 7.57 lbm/h 

1 778 lbf-ft/Btu x 33.6 Btu/lbm 

The dentist’s drill has a small 
air flow and is not really 
adiabatic. 



W 

m 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


4.177 

A compressor in a commercial refrigerator receives R-410A at -10 F and x = 1. 
The exit is at 200 psia, 120 F. Neglect kinetic energies and find the specific work. 

Solution: 

C.V. Compressor, steady state, single inlet and 
exit flow. For this device we also assume no 
heat transfer and Zj = Z e 

From Table F.9.1 : hj = 116.29 Btu/lbm 

From Table F.9.2 : h e = 137.02 Btu/lbm 

Energy Eq.4.13 reduces to 

w c = hj - h e = (1 16.29 - 137.02) = -20.73 Btu/lbm 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


4.178 

A compressor in an industrial air-conditioner compresses ammonia from a state of 
saturated vapor at 20 psia to a pressure of 125 psia. At the exit the temperature is 
measured to be 200 F and the mass flow rate is 1 lbm/s. What is the required 
power input to this compressor? 

Solution: 

C.V. Compressor. Assume adiabatic and neglect kinetic energies. 

Energy Eq. 4. 13: w c = Iq - h 2 

States: 1: F.8.2: hq = 605.47 Btu/lbm 
2: F.8.2 h 2 AC = 710.44 Btu/lbm 

Energy equation: 

-w c = h 2 - h] = 710.44 - 605.47 = 104.97 Btu/lbm 
W = 1 lbm/s x 104.97 Btu/lbm = 105 Btu/s 
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4.179 

An exhaust fan in a building should be able to move 6 lbm/s air at 14.4 psia, 68 F 
through a 1.4 ft diameter vent hole. How high a velocity must it generate and how 
much power is required to do that? 

Solution: 

C.V. Fan and vent hole. Steady state with uniform velocity out. 

Continuity Eq.: m = constant = pAV = AV / v =AVP/RT 

Ideal gas : Pv = RT, and area is A = ^ D 2 

Now the velocity is found 

.. it 0 6 lbm/s x 53.34 lbf-ft/lbm-R x (459.7 + 68) R 

V = m RT/Q; D 2 P) = — 

^ x 1.4 2 x 14.4 psi x 144 in 2 /ft 2 

= 52.908 ft/s 

The kinetic energy out is 

\ \l\ = \ x 52.908 2 / 32.174 = 43.502 lbf-ft/lbm 

which is provided by the work (only two terms in energy equation that does not 
cancel, we assume Vj = 0) 

W in = m \ \j\ = 6 x 43.502 = 261 lbf-ft/s = 0.335 Btu/s 
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4.180 

An air flow is brought from 77 F, 14.7 psia to 150 psia, 620 F by an adiabatic 
compressor driven by a 50-kW motor. What are the mass flow rate and the 
exit volume flow rate of air? 


C.V. Compressor. Assume adiabatic and neglect kinetic, potential energies. 
Energy Eq.4. 13: w = hj - 112 


-w c = h 2 - hj ~ C P (T 2 - Ti) = 0.24 Btu/lbm-R x (620 - 77) R 
= 130.32 Btu/lbm 

The mass flow rate scale the work term so 

(50/1.055) Btu/s 


m-W/ w c - 130 32 Btu/lbm 


= 0.3637 lbm/s 


• • . RT . 53.34 x (620 + 459.67) ft-lbf/lbm 

V = m v = m tt = 0.3637 lbm/s — 


150 lbf/in 2 x 144 (in/ft) 2 


= 2.666 ft 3 /s 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


4.181 

Carbon dioxide gas enters a steady-state, steady-flow heater at 45 lbf/in. 2 60 F, 
and exits at 40 lbf/in. 2 , 1800 F. It is shown in Fig. P4.65 here changes in kinetic 
and potential energies are negligible. Calculate the required heat transfer per lbm 
of carbon dioxide flowing through the heater. 

Solution: 

C.V. Heater Steady state single inlet and exit flow. 

Energy Eq.4. 13: q + hj = h e 



Q 


20470.8 - 6-143.4') 

Table F. 6 q = h e -hj = 4401 1 — = 468.4 Btu/lbm 

[If we use CpQ then q = 0.203 Btu/lbm-R (1800 - 60) R = 353.2 Btu/lbm] 
Too large AT, T ave to use Cpg at room temperature. 
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4.182 

A condenser (cooler) receives 0.1 lbm/s of R-410A at 300 psia, 140 F and cools it 
to 70 F. Assume the exit properties are as for saturated liquid same T. What 
cooling capacity (Btu/h) must the condenser have? 

Solution: 

C.V. R-410A condenser. Steady state single flow, heat transfer out and no 
work. 

Energy Eq. 4. 12: m hj = m h 2 + Qout 

Inlet state: Table F.9.2 hj = 137.34 Btu/lbm, 

Exit state: Table F.9.1 I 12 = 39.17 Btu/lbm (compressed liquid) 

Process: Neglect ki netic and potential energy changes. 

Cooling capacity is taken as the heat transfer out i.e. positive out so 
Qout = m ( h r h 2 ) = 0.1 lbm/s (137.34 - 39.17) Btu/lbm 

= 9.82 Btu/s 
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4.183 


In a steam generator, compressed liquid water at 1500 lbf/in. 2 , 100 F, enters a 
1-in. diameter tube at the rate of 5 f't'V m i n . Steam at 1250 lbf/in. 2 , 750 F exits the 
tube. Find the rate of heat transfer to the water. 

Solution: 

C.V. Steam generator. Steady state single inlet and exit flow. 


n 


r i N \ 


V 12y 


= 0.00545 ft 2 


Constant diameter tube: Aj = A e = ^ 

Table B.1.4 m = V/Vj = 5 x 60/0.016058 = 18 682 lbm/h 
Vi = Vj/Aj = 5/(0.00545 x 60) = 15.3 ft/s 


Exit state properties from Table F.7.2 and inlet from F.7.3 
V e = Vi x v e /vi = 15.3 ft/s x (0.526/0.01605) = 501.4 ft/s 
The energy equation Eq.4.12 is solved for the heat transfer as 


Q = m [(h e - hi) + ( V, 



= 18 682[l341.5 


501.4 2 -15.3 2 n 

7 1 99 + 1 

/1 - w + 2x32.174x778 J 


2.381xl0 7 Btu/h 


Typically hot 
combustion 
gas in 


Steam exit 



gas 

out 
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4.184 

An oven has five radiant heaters; each one is rated at 15 Btu/s. It should heat some 
4-lbm steel plates from 77 F to 1400 R. How many of these plates per minute can 
it heat? 


C.V. Oven, steady state operation. A flow of plates in (represents an m) 
Energy Eq.: 0 = m (hj - h e ) + Q 


Q = m (h e - hj) = m C (T e - Tj) 

. • ^ 5x15 Btu/s 

m = Q / C (T e - Tj) = 


0.11 (1400-536.7) Btu/lbm 


= 0.79 lbm/s 


N = m/m = (0.79 / 4) 1/s = 0. 197 per s = 11.85 per min 



Front end of oven with steel rollers to bring the plates in, 
a skirt hangs down to limit heat losses. 
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4.185 

An evaporator has R-410A at 0 F and quality 20% flowing in, with the exit flow 
being saturated vapor at 0 F. Knowing that there is no work, find the specific heat 
transfer. 

C.V. Heater Steady state single inlet and exit flow. 

Energy Eq.4. 13: 0 = q + h 1 -h 2 

Table F.9.1: hj = 13.52 + 0.2 x 103.76 = 34.27 Btu/lbm 

h 2 = 117.28 Btu/lbm 

q = h 2 - hj= 1 17.28 - 34.27 = 83.01 Btu/lbm 
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4.186 

A flow of liquid glycerine flows around an engine, cooling it as it absorbs energy. 
The glycerine enters the engine at 140 F and receives 13 hp of heat transfer. What 
is the required mass flow rate if the glycerine should come out at a maximum 200 
F? 


Solution: 

C.V. Liquid flow (glycerine is the coolant), steady flow, no work. 
Energy Eq.: mhj + Q = mh e 

* * Q 

m — Q/( hg - hj) — p T, . 

'-gly v x e x i/ 

From table F.3: C g i y = 0.58 Btu/lbm R 

• 13 hp x (2544.4/3600) btu/s-hp , 

m _ 0.58 btu/lbm-R (200 - 140) R “ 0,264 lbm/s 


Air intake filter Fan Radiator 
. . y taaj Atm. 

** ( ( o ? oV fi 41 air 

power V. 


3 


^OiJLO 






Exhaust flow 




Coolant flow 
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4.187 

A small water pump is used in an irrigation system. The pump takes water in from 
a river at 50 F, 1 atm at a rate of 10 lbm/s. The exit line enters a pipe that goes up 
to an elevation 100 ft above the pump and river, where the water runs into an open 
channel. Assume the process is adiabatic and that the water stays at 50 F. Find the 
required pump work. 

Solution: 


C.V. pump + pipe. Steady state , 1 inlet, 1 exit flow. Assume same velocity in 

and out, no heat transfer. 

• • • 

Continuity Eq.: m in = m ex = m 

Energy Eq.4.12: 

m(h in + (l/2)V in 2 + gz in ) = 

m(h ex + (1/2) V ex 2 + gz ex ) + W 
States: h in = h ex same (T, P) 



H 

; efll 



32.174 ft/s 2 

W = mg(z in - z ex ) = 10 lbm/s x 32.174 lbm ft/s 2 /lbf X 100) ft 


= -1000 lbf-ft/s = -1.285 Btu/s 

I.E. 1.285 Btu/s required input 
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Multiple Flow Devices 
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4188 

A steam turbine receives water at 2000 lbf/in. 2 , 1200 F at a rate of 200 lbm/s as 
shown in Fig. P4.84. In the middle section 50 lbm/s is withdrawn at 300 lbf/in. 2 , 
650 F and the rest exits the turbine at 10 lbf/in. 2 , 95% quality. Assuming no heat 
transfer and no changes in kinetic energy, find the total turbine work. 

C.V. Turbine Steady state, 1 inlet and 2 exit flows. 

• • • • • • 

Continuity Eq.4.9: irq = m 2 + m 3 ; => m 3 = mj - m 2 = 150 lbm/s 

• • • • 

Energy Eq.4. 10: mjh] = Wj + m 2 h 2 + 1113113 

Table F.7.2 hj = 1598.6 Btu/lbm, 
h 2 = 1341.6 Btu/lbm 

Table F.7.1 : I 13 = hf + X 3 hfg = 161.2 + 0.95 x 982.1 

= 1094.2 Btu/lbm 


From the energy equation, Eq.4. 10 

Wj = m^hj - m 2 h 2 - n^f^ = 200 x 1598.6 - 50 x 

= 8.85 x 10 4 Btu/s 
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4.189 

A condenser, as the heat exchanger shown in Fig. P4.91, brings 1 lbm/s water 
flow at 1 lbf/in. 2 from 500 F to saturated liquid at 1 lbf/in. 2 . The cooling is done 
by lake water at 70 F that returns to the lake at 90 F. For an insulated condenser, 
find the flow rate of cooling water. 

Solution: 

C.V. Heat exchanger 

Energy Eq.4. 10: m cool h 70 + m H2 o h 500 = m cool h 90 + m H2 O h f 1 


1, 500 F 
1 lbm/s — I ^ 


m cooi 4> 90 F 


WNAAAAAAA 


2, sat. liq. 


vVNAAAA/V — 


3, 70 F 


Table 

Table 


F.7.1: h 70 = 38.09 Btu/lbm, h 9 o = 58.07 Btu/lbm, h f j = 69.74 Btu/lbm 
F.7.2: h 50 oj = 1288.5 btu/lbm 


h 500 - h f, 1 
m cool ” m H20 ^90 - 1170 


lbm/s x 


1288.5 - 69.74 
58.07 - 38.09 


= 61 lbm/s 
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4.190 

A heat exchanger is used to cool an air flow from 1400 to 680 R, both states at 
150 lbf/in. 2 . The coolant is a water flow at 60 F, 15 lbf/in . 2 and it is shown in Fig. 
P4.95. If the water leaves as saturated vapor, find the ratio of the flow rates m 

H 2 0 /m air 
Solution: 

C.V. Heat exchanger, steady flow 1 inlet 4 

and 1 exit for air and water each. The two 
flows exchange energy with no heat ^ ^ 

transfer to/from the outside. 


Continuity Eqs.: Each line has a constant flow rate through it. 

• • • • 

Energy Eq.4. 10: m air hi + m H 20 h 3 = m air h 2 + m H 20 h 4 

Process: Each line has a constant pressure. 

Table F.5: hj = 343.016 Btu/lbm, h 2 = 162.86 Btu/lbm 

Table F.7: I 13 = 28.08 Btu/lbm, h 4 = 1150.9 Btu/lbm (at 15 psia) 

hi - h 2 343.016 - 162.86 
m H 2 0 /m air - h 4 - h 3 - 1150.9 - 28.08 “ 01604 


A 


3 water 
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4.191 

A dual-fluid heat exchanger has 10 lbm/s water entering at 100 F, 20 psia and 
leaving at 50 F, 20 psia. The other fluid is glycol, entering at 10 F, 22 psia and 
leaving at 50 F, 22 psia. Find the required mass flow rate of glycol and the rate of 
internal heat transfer. 


C.V. Heat exchanger, steady flow 1 
inlet and 1 exit for glycol and water 
each. The two flows exchange 
energy with no heat transfer to/from 
the outside. 


-*-+ 

1 water 


b 


2 


3 glycol 


Continuity Eqs.: 
Energy Eq.4.10: 


Each line has a constant flow rate through it. 

• • • • 

m H 2 0 11 1 + m glycol h 3 = m H 2 0 h 2 + m glycol h 4 


Process: Each line has a constant pressure. 

Table F.7: lq = 68.04 Btu/lbm, h 2 = 18.05 Btu/lbm 


Table F.3: C P g j y = 0.58 Btu/lbm-R so 


h 4 - h 3 - C P gly 
lq - h 2 

m giycoi = m H 2 o h 4 -h 3 


(T 4 - T 3 ) = 0.58 [50 - 10] = 23.2 Btu/lbm 
68.04- 18.05 

= 10 lbm/s = 21.55 lbm/s 
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4.192 

An automotive radiator has glycerine at 200 F enter and return at 130 F as shown 
in Fig. P4.100. Air flows in at 68 F and leaves at 77 F. If the radiator should 
transfer 33 hp what is the mass flow rate of the glycerine and what is the volume 
flow rate of air in at 15 psia? 

Solution: 

If we take a control volume around the whole radiator then there is no external 
heat transfer - it is all between the glycerin and the air. So we take a control 
volume around each flow separately. 


Heat transfer: Q = 33 hp = 33 x 2544.4 / 3600 = 23.324 Btu/s 
Glycerine energy: mhj + (-Q) = mh e 

-Q -Q -23.324 


Table F.3: 


m g!y “ h e - hj “ C gly (T e -Ti) “ 0.58(130 - 200) 


= 0.574 lbm/s 


Air 

Table F.4: 


mhj + Q = mh e 

Q Q 


23.324 


m air - he - hj - C air (T e -Tj) “ 0.24(77 - 68) 


= 8.835 lbm/s 


V = mvj ; Vj = 


RTj 53.34 x 527.7 


Pi 


15 x 144 


= 13.03 fr/lbm 


V air = mvj = 8.835 x 13.03 = 115 ft 3 /s 


Air intake filter 





Atm. 


W 


air 
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4.193 

Steam at 80 psia, 600 F is used to heat cold water at 60 F to 170 F for domestic 
hot water supply. How much steam per lbm liquid water is needed if the steam 
should not condense? 

Solution: 

C.V. Each line separately. No work but there is heat transfer out of the steam flow 
and into the liquid water flow. 

• • • • • 

Water line energy Eq.: m^hj + Q = mi iq h e => Q = m liq (h e - hj) 

For the liquid water look in Table F.7. 1 

Ah H q = h e - hi = 137.96 - 28.08 = 109.88 btu/lbm 

( = C p AT = 1 .0 (170 - 60) = 1 10 btu/lbm) 

Steam line energy has the same heat transfer but it goes out 

Steam Energy Eq.: m steam hi = Q + rn steam h e => Q = m steam (hi - h e ) 

For the steam look in Table F.7.2 at 80 psia 

Ah st eam = hj - h e = 1330.66 - 1183.61 = 147.05 btu/lbm 

Now the heat transfer for the steam is substituted into the energy equation for the 
water to give 

109.88 

m steam ' m liq ” Ahjj q / Ahsteam ' 147 05 _ 


Steam 

out 

<^= 




Hot A water out 


Steam 

in 


* 






Cold water in 
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4.194 

A copper wire has been heat treated to 1 800 R and is now pulled into a cooling 
chamber that has 3 lbm/s air coming in at 70 F; the air leaves the other end at 120 
F. If the wire moves 0.5 lbm/s copper, how hot is the copper as it comes out? 


Solution: 

C.V. Total chamber, no external heat transfer 

• • • • 

Energy eq.: m cu h icu + m air 

hi air = m cu he cu + m air 

he air 


m cu ( he hj ) cu 

m cu C cu ( T e - Ti ) 


m air( hi h e ) a j r 
cu = m air air( T e — Tj ) 


air 


Heat capacities from F.2 for copper and F.4 for air 

m air C pair 

( T e ) cu — ^ q ( T e Tj ) a j r 


CU^CU 


3 xQ.24 
0.5 x 0.1 


(70- 120) R = - 720 R 


T e = ^ - 720 = 1800 - 720 = 1080 R 
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4.195 

Two flows of air are both at 30 psia; one has 1 lbm/s at 720 R and the other has 2 
lbm/s at 520 R. The two flows are mixed together in an insulated box to produce a 
single exit flow at 30 psia. Find the exit temperature. 


Solution: 


Cont.: 

Energy: 


• • • 

+ m2 = m3 

• • • 

m 1 h 1 + m 2 h 2 = nv^ 

• • 

= (m^ + m 2 )h 2 


2 



Mixing chamber 


Solve for the exit enthalpy 

• • • • 

I 13 = [m 1 h 1 + m 2 h 2 ] / (m 2 + m 2 ) 
since the T’s are modest use constant specific heats 

T 3 = [n^T j + m 2 T 2 ] / (m 2 + m 2 ) = ^ x 720 + 1 x 520 = 586.7 R 
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A de- superheater has a flow of ammonia 3 lbm/s at 150 psia, 200 F which is 
mixed with another flow of ammonia at 80 F and quality 25% in an adiabatic 
mixing chamber. Find the flow rate of the second flow so the outgoing ammonia 
is saturated vapor at 150 psia. 


C.V. Desuperheater. 

• • 

No external Q or W 



Continuity Eq.4.9: 
Energy Eq.4.10: 


m] + 

i^ihj 


m 2 = m3 


• • • • 

+ m 2 h 2 = rn 3 h3 = (m^ m 2 )h3 


State 1: Table F. 8. 2 

State 2: Table F. 8.1 

State 3: Table F.8.2 


hj = 707.96 Btu/lbm 

h 2 = 131.68 + 0.25 x 497.94 = 256.17 Btu/lbm 
h 3 = 629.45 Btu/lbm 


m 2 = m^x 


h l - h 3 
h 3 - h 2 


= 3 x 


707.96 - 629.45 
629.45 -256.17 


= 0.631 lbm/s 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 



Borgnakke and Sonntag 


4.197 

An insulated mixing chamber receives 4 lbm/s R-134a at 150 lbf/in. 2 , 220 F in a 
line with low velocity. Another line with R-134a as saturated liquid 130 F flows 
through a valve to the mixing chamber at 150 lbf/in . 2 after the valve. The exit 
flow is saturated vapor at 150 lbf/in . 2 flowing at 60 ft/s. Find the mass flow rate 
for the second line. 

Solution: 

C.V. Mixing chamber. Steady state, 2 inlets and 1 exit flow. 

Insulated q = 0, No shaft or boundary motion w = 0. 

Continuity Eq.4.9: irq + m 2 = m 3 ; 

• • • 12 

Energy Eq.4.10: mjhj + = m 3 ( h 3 + ^ V 3 ) 

12 . 12 
m 2 (h 2 - h 3 - 2 V 3 ) = mj ( h 3 + 2 V 3 - hj ) 

State 1: Table F.10.1: 150 psia, 220 F, hi = 209.63 Btu/lbm 

State 2: TableF.10.1: x = 0, 130F, h 2 = 119.88 Btu/lbm 

State 3: Table F.10.2: x = 1, 150 psia, h 3 = 180.61 Btu/lbm 

\\\ = \ x 60 2 /(32.174 x 778) = 0.072 Btu/lbm 

m 2 = m! (h 3 + \ V 3 - ^ )/ (h 2 - h 3 - \ V 3 ) 

= 4 (180.61 + 0.072 - 209.63)/ (1 19.88 - 180.61- 0.072) = 1.904 lbm/s 


Notice how kinetic energy was insignificant. 
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4.198 

The following data are for a simple steam power plant as shown in Fig. P4.1 18. 


State 

1 

2 

3 

4 

5 

6 

7 

P psia 

900 

890 

860 

830 

800 

1.5 

1.4 

TF 


115 

350 

920 

900 


110 

h Btu/lbm 

- 

85.3 

323 

1468 

1456 

1029 

78 


State 6 has = 0.92, and velocity of 600 ft/s. The rate of steam flow is 200 000 

lbm/h, with 400 hp input to the pump. Piping diameters are 8 in. from steam 
generator to the turbine and 3 in. from the condenser to the steam generator. 
Determine the power output of the turbine and the heat transfer rate in the 
condenser. 

Turbine: A 5 = jtD^M = 0.349 ft 2 , v 5 = 0.964 ft 3 /lbm 

__ 200 000 x 0,964 
“ 3600 x 0.349 - 153 ft/s 


y 5 =mv 5 /A 5 


2 2 600 2 - 153 2 

w = (h 5 + 0.5V 5 ) - (h 6 + 0.5V 6 ) = 1456 - 1029 - 2 x 2g Q37 


= 420.2 Btu/lbm 

Recall the conversion 1 Btu/lbm = 25 037 ft z /s z , 1 hp = 2544 Btu/h 

420.2 x 200 000 


. 2,2 


W 


TURB 


2544 


= 33 000 hp 


Condenser: A 7 = 7iD 7 /4 = 0.0491 ft 2 , v 7 = 0.01617 ft 3 /lbm 

200000 x 0,01617 

V 7 - mv 7 /A 7 - 36Q0 x Q Q491 - 18 ft/s 

1 8 2 - 600 2 

q = 78.02 - 1028.7 + ~ n __ = -957.9 Btu/lbm 

n 2 x 25 037 

Qcond = 200 000 (-957.9) = -1.916x10 s Btu/h 
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For the same steam power plant as shown in Fig. P4. 1 1 8 and Problem 4. 1 98E 
determine the rate of heat transfer in the economizer which is a low temperature 
heat exchanger and the steam generator. Determine also the flow rate of cooling 
water through the condenser, if the cooling water increases from 55 to 75 F in the 
condenser. 


Condenser: A 7 = 7 tD 7 /4 = 0.0491 ft 2 , v 7 = 0.01617 ft 3 /lbm 


V 7 - mv 7 /A 7 — 


200000 x 0.01617 

— 1 8 ft/s 

3600x0.0491 


q = 78.02- 1028.7 + 


18 2 - 600 2 

^ = -957.9 Btu/lbm 

2 x 25 037 


Qcond = 200 000 (-957.9) = -1.916xl0 8 Btu/h 


Economizer V 3 » V 2 since liquid v is constant: v 3 « v 2 and A 3 = A 2 , 
q = h 3 - h 2 = 323.0 - 85.3 = 237.7 Btu/lbm 

Qecon = 200 000 (237.7) = 4.75xl0 7 Btu/h 
Generator: A 4 = tt:D 4 /4 = 0.349 ft 2 , v 4 = 0.9595 IVVlbm 


V 4 = mv 4 /A 4 = 


200 000x0,9505 
3600x0.349 “ 151 tt/s 


A 3 = tiD 3 /4 = 0.349 ft 2 , v 3 = 0.0491 ft 3 /lbm 

• 200 000 x 0,0179 

V 3 -mv 3 /A 3 - 3600x 0 _ 0491 -20 ft/s, 


q = 1467.8 - 323.0 + - — 777777 = 1145.2 Btu/lbm 
n 2 x 25 037 

Qgen = 200 000 x (1 145.2) = 2.291xl0 8 Btu/h 
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A two-stage compressor takes nitrogen in at 80 F, 20 psia and compresses it to 80 
psia, 800 R. Then it flows through an intercooler, where it cools to 580 R, and the 
second stage compresses it to 400 psia, 1000 R. Find the specific work in each of 
the two compressor stages and the specific heat transfer in the intercooler. 

The setup is like this: 



C.V.: Stage 1 nitrogen, Steady flow 
Process: adibatic: q = 0, reversible: s gen = 0 

Energy Eq. 4.13: -w cl = h 2 - fq , 

Assume constant C P0 = 0.249 from F.4 

w C i = hj -h 2 = C P0 (T i -T 2 ) = 0.249 Btu/lbmR (540 - 800) K 

= -64.74 Btu/lbm 

C.V. Intercooler, no work and no changes in kinetic or potential energy. 
q 23 = h 3 - h 2 = C po (T 3 - T 2 ) = 0.249 (800 - 580) = -135.5 Btu/lbm 

C.V. Stage 2. Analysis the same as stage 1. 

w C2 = h 3 - h 4 = C po (T 3 - T 4 ) = 0.249 (580 - 1000) = -104.6 Btu/lbm 
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The intercooler in the previous problem uses cold liquid water to cool the 
nitrogen. The nitrogen flow is 0.1 lbm/s, and the liquid water inlet is 77 F and is 
set up to flow in the opposite direction from the nitrogen, so the water leaves at 
105 F. Find the flow rate of the water. 


Solution: 

C.V. Heat exchanger, steady 
2 flows in and two flows 
out. 


Continuity eq.iirq = m 2 = 



m 3 = m 4 = m N2 


Energy eq. : 0 = m H20 (h 3 - h 4 ) + m N2 (h 2 - hj) 


Due to the lower range of temperature we will use constant specific heats from F.4 
and F.3 so the energy equation is approximated as 


0 - I ^ l H20 C pH20 ( T 3 - T 4) + n i N2 C p ( T 2 “ T l) 


Now solve for the water flow rate 

tftoo = m N2 C pN 2 (T 2 - T,) / [C pH20 (T 4 - T 3 )] 

0.249 Btu/lbm-R x (800 - 580) R 
-0.1 lbm/s x 1.0 Btu/ibm-R. x (i05 - 77) R 

= 0.196 lbm/s 
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A R-410A heat pump cycle shown in Fig. P4.123 has a R-410A flow rate of 0.1 
lbm/s with 4 Btu/s into the compressor. The following data are given 


State 

1 

2 

3 

4 

5 

6 

P, psia 

410 

405 

400 

62 

60 

58 

T, F 

220 

200 

110 


10 

14 

h, Btu/lbm 

154 

150 

56 

- 

120 

122 


Calculate the heat transfer from the compressor, the heat transfer from the R-410A 
in the condenser and the heat transfer to the R-410A in the evaporator. 

Solution: 

CV: Compressor 

Qcomp = tn(hj - hg) + W(^Qjy[p =0.1 (154 - 122) - 4.0 = -0.8 Btu/s 
CV: Condenser 

Qcond = m/hg - h 2 ) = 0.1 lbm/s (56 - 150) Btu/lbm = -9.4 Btu/s 

C.V. Valve: 

h 4 = h 3 = 56 Btu/lbm 

CV: Evaporator 

Qevap = n* 0*5- h 4 ) = 0.1 lbm/s (120 - 56) Btu/lbm = 6.4 Btu/s 
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A proposal is made to use a geothermal supply of hot water to operate a steam 
turbine, as shown in Fig. P4.125. The high pressure water at 200 lbf/in. 2 , 350 F, is 
throttled into a flash evaporator chamber, which forms liquid and vapor at a lower 
pressure of 60 lbf/in. 2 . The liquid is discarded while the saturated vapor feeds the 
turbine and exits at 1 lbf/in. 2 , 90% quality. If the turbine should produce 1000 hp, 
find the required mass flow rate of hot geothermal water in pound-mass per hour. 


Solution: 

Separation of phases in flash-evaporator 
constant h in the valve flow so 

Table F.7.3: lq = 321.8 Btu/lbm 
lq = 321.8 = 262.25 + x x 915.8 
=> x = 0.06503 = m 2 /nq 
Table F.7.2: h 2 = 1 178.0 Btu/lbm; 


3 


up 


FLASH 

EVAP. 


2 Sat. vapor 


_ . Sat. liquid jj- 
out 




W 


Table F.7.1: h 3 = 69.74 + 0.9 x 1036 = 1002.1 Btu/lbm 

1000x 2545 

W = m 2 (h 2 - h 3 ) => m 2 = ii7 8 .o - 1002.1 = 14 472 lbm/h 

=> riq = 222 539 lbm/h 


Notice conversion 1 hp = 2445 Btu/h from Table A.l 
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A 1 Gallon tank initially is empty and we want to have 0.03 lbm of R-410A in it. 
The R-410A comes from a line with saturated vapor at 20 F. To end up with the 
desired amount we cool the can while we fill it in a slow process keeping the can 
and content at 20 F. Find the final pressure to reach before closing the valve and 
the heat transfer. 

Solution: 

C.V. Tank: 

Continuity Eq.4.20: m 2 - 0 = nij 

Energy Eq.4.21: m 2 u 2 - 0 = mjhj + jQ 2 

State 2: 20 F, v 2 = V/m 2 = 1 (23 1/12 3 )/0.030 = 4.456 ft 3 /lbm 

From Table F.9.2 we locate the state between 15 and 20 psia. 

4.456-4.6305 

P 2 - 15 + (20 - 15) ^ 4479 _ 4.6305 - 15*74 psia 
u 2 = 112.68 Btu/lbm, 

State i Table F.9.1: hj = 119.07 Btu/lbm 

Now use the energy equation to solve for the heat transfer 

1Q2 = m 2 u 2 - m i h i = m 2( u 2 - h i) 

= 0.03 x (1 12.68 - 1 19.07) = -0.192 Btu 
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An initially empty cylinder is filled with air from 70 F, 15 psia until it is full. 
Assuming no heat transfer is the final temperature larger, equal to or smaller than 
70 F? Does the final T depends on the size of the cylinder? 


This is a transient problem with no heat transfer and no work. The balance 
equations for the tank as C.V. become 

Continuity Eq.: m 2 - 0 = mj 

Energy Eq.: m 2 u 2 _ 0 = mjhj + Q - W = mjhj + 0-0 

Final state: u 2 = hj & P 2 = Pj 


T 2 > Tj and it does not depend on V 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


4.206 

A tank contains 10 ft air at 15 psia, 540 R. A pipe flowing air at 150 psia, 540 R 
is connected to the tank and it is filled slowly to 150 psia. Find the heat transfer to 
reach a final temperature of 540 R. 


i 

C.V. The tank volume and the compressor. 

This is a transient problem (filling of tank). 

Continuity Eq.4.20: m 2 - lrq = m in 

Energy Eq.4.21: m 2 u 2 - m^ = : Q 2 - {W 2 + m in h in 

Process: Constant volume jW 2 = 0 , 

States: uj = u 2 = u in = u 540 ; h in = u in + RT in 

mi = P^i/RTj = 15 x 144 x 10/(53.34 x 540) = 0.75 lbm 
m 2 = P 2 V 2 /RT 2 = 150 x 144 x 10/(53.34 x 540) = 7.499 lbm 

Heat transfer from the energy equation 

lQ 2 = m 2 u 2 - m lUl - m in h in = (m, + m in ) u : - m lUl - m in u in - m in RT in 

= m lUi - m lUl + m inUl - m in u in - m in RT in = - m in RT in 

= - (7.499 - 0.75) lbm x 53.34 ft-lbf/lbm-R x 540 R 

= -194 395 ft-lbf = -250 Btu 
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A 1-ft 3 tank, shown in Fig. P4.136, that is initially evacuated is connected by a 
valve to an air supply line flowing air at 70 F, 120 lbf/in. 2 . The valve is opened, 
and air flows into the tank until the pressure reaches 90 lbf/in. 2 . Determine the 
final temperature and mass inside the tank, assuming the process is adiabatic. 
Develop an expression for the relation between the line temperature and the final 
temperature using constant specific heats. 

Solution: 

C.V. Tank: 

Continuity Eq.4.20: m 2 = 

Energy Eq.4.21: m 2 u 2 = rrijhj 

Table F.5: u 2 = hj = 126.78 Btu/lbm 

=> T 2 = 740 R 

P 2 V 9Q x 144 x 1 

m 2 - RT 2 “ 53.34 x 740 - 0,3283 lbm 



Assuming constant specific heat, 

hj = Ui + RTj = u 2 , RTj = u 2 - Uj = C Vo (T 2 - Tj) 
C Vo T 2 = (C Vo + R)Tj = C Po Ti , 

rc Po 3 


To = 


C 

V^voy 


Ti = kTj 


For Tj = 529.7 R & constant Cp Q , 
T 2 = 1.40 x 529.7 = 741.6 R 
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Helium in a steel tank is at 40 psia, 540 R with a volume of 4 ft . It is used to fill 
a balloon. When the tank pressure drops to 24 psia the flow of helium stops by 
itself. If all the helium still is at 540 R how big a balloon did I get? Assume the 
pressure in the balloon varies linearly with volume from 14.7 psia (V = 0) to the 
final 24 psia. How much heat transfer did take place? 

Solution: 

Take a C.V. of all the helium. 

This is a control mass, the tank mass 
changes density and pressure. 


Energy Eq.: U 2 -U, = : Q 2 - iW 2 

Process Eq.: P = 14.7 + CV 
State 1: P b T b Vj 

State 2: P 2 , T 2 , V 2 = ? 

Ideal gas: 

P 2 V 2 = mRT 2 = mRT| = P | V ] 

V 2 = Vi(Pi/P 2 ) = 4 x (40/24) = 6.6667 ft 3 
v bal = V 2 - Vj = 6.6667 - 4 = 2.6667 ft 3 



: W 2 = j P dV = AREA = Vi ( Pi + P 2 )( V 2 ) 

= Vi( 40 + 24) x 2.6667 x 144 = 12 288 lbf-ft = 15.791 Btu 
U 2 -Ui = 1 Q 2 - 1 W 2 = m(u 2 -u 1 ) = mC v (T 2 -T 1 ) = 0 

so 1Q2 = iW 2 = 15.79 Btu 


Remark: The process is transient, but you only see the flow mass if you select the 
tank or the balloon as a control volume. That analysis leads to more terms that 
must be elliminated between the tank control volume and the balloon control 
volume. 
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A 20-ft 3 tank contains ammonia at 20 lbf/in. 2 , 80 F. The tank is attached to a line 
flowing ammonia at 180 lbf/in. 2 , 140 F. The valve is opened, and mass flows in 
until the tank is half full of liquid, by volume at 80 F. Calculate the heat 
transferred from the tank during this process. 

Solution: 

C.V. Tank. Transient process as flow comes in. 

mi = V/ Vl = 20/16.765 = 1.193 lbm 
m G = Vf 2 /vf 2 = 10/0.026677 = 374.855 lbm, 
m g 2 = V g2 /v g2 = 10/1.9531 = 5.120 lbm 
m 2 = nif 2 + m g2 = 379.975 lbm => x 2 = m g2 / m 2 = 0.013475 
Table F.8.1, u 2 = 130.9 + 0.013475 x 443.4 = 136.9 Btu/lbm 

uj = 595.0 Btu/lbm, hj = 667.0 Btu/lbm 
Continuity Eq,: m j = m 2 - irq = 378.782 lbm , 

From continuity equation 

m i = m 2 - mj = 379.975 - 1.193 = 378.782 lbm 
Energy eq.: Q C y + mjhj = m 2 u 2 - m^j 


Q cv = 379.975 x 136.9 - 1.193 x 595.0 - 378.782 x 667.0 

= -201 339 Btu 
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A nitrogen line, 540 R, and 75 lbf/in. 2 , is connected to a turbine that exhausts to a 
closed initially empty tank of 2000 ft 3 , as shown in Fig. P4.137. The turbine 
operates to a tank pressure of 75 lbf/in. 2 , at which point the temperature is 450 R. 
Assuming the entire process is adiabatic, determine the turbine work. 

C.V. turbine & tank => Transient problem 

Conservation of mass: = m 2 = m 

Energy Eq.: nijhj = m 2 u 2 + W cv ; W cv = m(hj - u 2 ) 

Inlet state: Pj = 75 lbf/in 2 , Tj = 540 R 

Final state 2: P 2 = 75 lbf/in 2 , T 2 = 450 R 

v 2 = RT 2 /P 2 = 55.15 x 450/(75 x 144) = 2.298 ft 3 /lbm 
m 2 = V/v 2 = 2000/2.298 = 870.32 lbm 
h i - u 2 = u i + RT i - u 2 = RT i + C v (Tj - T 2 ) 

= 55 g 15 540 + 0. 178 (540 - 450) = 38.27 + 16.02 = 54.29 
W cv = 870.32 x 54.29 = 47 250 Btu 
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A mass-loaded piston/cylinder containing air is at 45 lbf/in. 2 , 60 F with a volume 
of 9 ft 3 , while at the stops V = 36 ft 3 . An air line, 75 lbf/in. 2 , 1 100 R, is connected 
by a valve, as shown in Fig. P4.154. The valve is then opened until a final inside 
pressure of 60 lbf/in. 2 is reached, at which point T = 630 R. Find the air mass that 
enters, the work, and heat transfer. 

Solution: 

C.V. Cylinder volume. 

Continuity Eq.4.20: m2 ' m l = mj n 

Energy Eq.4.21: m 2 u 2 - m , u , = m in hii ne + ,Q 2 - : W 2 

Process: Pj is constant to stops, then constant V to state 2 at P 2 

PlV 45 x 9 x 144 

State 1: P, , T, m l = rt^ = 53.34 x 5 19 . 7 = 2 - 1041bm 

State 2: Open to: P 2 = 60 lbf/in 2 , T 2 = 630 R 

Table F.5: 

h i = 266.13 btu/lbm 

u^ = 88.68 Btu/lbm 
u 2 = 107.62 Btu/lbm 



tW 2 = /PdV = Pi/Vstop - V x ) = 45 x (36 - 9)^ = 224.9 Btu 

m 2 = P 2 V 2 /RT 2 = 60x36x144 /(53.34x630) = 9.256 lbm 
m i = m 2 - m i = 9.256 - 2.104 = 7.152 lbm 

lQ2 = m 2 u 2 - m l u l - m i h i + jW 2 

= 9.256 x 107.62 - 2.104 x 88.68 - 7.152 x 266.13 + 224.9 

= -868.9 Btu 
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In-Text Concept Questions 
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5.a 

Electrical appliances (TV, stereo) use electric power as input. What happens to 
the power? Are those heat engines? What does the second law say about those 
devices? 

Most electric appliances such as TV, VCR, stereo and clocks dissipate 
power in electrical circuits into internal energy (they get warm) some power goes 
into light and some power into mechanical energy. The light is absorbed by the 
room walls, furniture etc. and the mechanical energy is dissipated by friction so 
all the power eventually ends up as internal energy in the room mass of air and 
other substances. 

These are not heat engines, just the opposite happens, namely electrical 
power is turned into internal energy and redistributed by heat transfer. These are 
irreversible processes. 
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5.b 

Geothermal underground hot water or steam can be used to generate electric 
power. Does that violate the second law? 

No. 

Since the earth is not uniform we consider the hot water or steam supply 
as coming from one energy source (the high T) and we must reject heat to 
a low temperature reservoir as the ocean, a lake or the atmosphere which 
is another energy reservoir. 


Iceland uses a 
significant amount 
of steam to heat 
buildings and to 
generate 
electricity. 
Microsoft clipart. 
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5.c 

A windmill produces power on a shaft taking kinetic energy out of the wind. Is it 
a heat engine? Is it a perpetual machine? Explain. 


Since the wind is generated by a complex 
system driven by solar heat input and 
radiation out to space it is a kind of heat 
engine. 

Microsoft clipart 

Within our lifetime it looks like it is perpetual. However with a different 
time scale the climate will change, the sun will grow to engulf the earth as it bums 
out of fuel. There is a storage effect and a non-uniform distribution of states in the 
system that drives this. 
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5.d 

heat engines and heat pumps (refrigerators) are energy conversion devices altering 
amounts of energy transfer between Q and W. Which conversion direction (Q — > 
W or W — * Q) is limited and which is unlimited according to the second law. 

The work output of a heat engine is limited (Q to W). 

You can transform W to Q unlimited (a heat pump that does not work well 
or you may think about heat generated by friction). 

5.e 

Ice cubes in a glass of liquid water will eventually melt and all the water approach 
room temperature. Is this a reversible process? Why? 


There is heat transfer from the warmer ambient 
to the water as long as there is a temperature 
difference. Eventually the temperatures 
approach each other and there is no more heat 
transfer. This is irreversible, as we cannot 
make ice-cubes out of the water unless we run 
a refrigerator and that requires a work from the 
surroundings, which does not leave the 
surroundings unchanged. 
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5.f 

Does a process become more or less reversible with respect to heat transfer if it is 
fast rather than slow? Hint : Recall from Chapter 3 that Q = CA AT. 

If the higher heat transfer rate is caused by a larger AT then the process is more 
irreversible so as the process would be slower due to a lower AT then it 
approaches a reversible process. If the rate of heat transfer is altered due to the 
factor CA with the same AT then it is irreversible to the same degree. 
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If you generated hydrogen from, say, solar power, which of these would be more 
efficient: (1) transport it and then burn it in an engine or (2) convert the solar 
power to electricity and transport that? What else would you need to know in 
order to give a definite answer? 

Case (1): 

First there is a certain efficiency when converting solar power to hydrogen. Then 
the transport and packaging of hydrogen has some energy expenditures associated 
with it. The hydrogen could be compressed to a high pressure (typically 70 MPa) 
which is expensive in terms of work input and then stored in a tank. One 
alternative would be to cool it down to become a liquid to have a much smaller 
volume but the temperature at which this happens is very low so the cooling and 
continued cooling under transport requires a significant work input also. Certain 
materials like metal-hydrides, boron salt slurries and nano-carbon fibers allows 
storage of hydrogen at more modest pressures and are all currently under 
investigation as other alternative storage methods. After the hydrogen is 
transported to an engine then the engine efficiency determines the work output. 

Case (2): 

If the solar power is located where there is access to electrical transmission lines 
then it can be used in solar panels, solar heating of water or other substance to mn 
a heat engine cycle like a power plant to generate electricity. All of these 
processes have a certain efficiency that must be evaluated to estimate the overall 
efficiency. To make new transmission lines is costly and has an impact on the 
environment that must be considered. 


You also need to look at the time of day/year at which the power is required and 
when it is available. The end use also presents some limitations like if the power 
should be used for a car then the energy must be stored temporarily like in a 
battery. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Concept Problems 
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5.1 

Two heat engines operate between the same two energy reservoirs and both 
receives the same Q H . One engine is reversible and the other is not. What can you 

say about the two Q L ’s? 

The reversible heat engine can produce more work (has a higher efficiency) than 
the irreversible heat engine and due to the energy conservation it then gives out a 
smaller Q L compared to the irreversible heat engine. 


W re v — Qh Ql rev ^ Wirrev — Qh - Ql i 


irrev 


0 Ql rev < Ql 


irrev 
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5.2 

Compare two domestic heat pumps (A and B) running with the same work input. 
If A is better than B which one heats the house most? 

The statement that A is better means it has a higher COP and since 

Q ha = COP a W > Q h b = COP B W 

it can thus provide more heat to the house. The higher heat comes from the higher 
Q l it is able to draw in. 
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5.3 


Suppose we forget the model for heat transfer as Q = CA AT, can we draw some 
information about direction of Q from the second law? 

One of the classical statements of the second law is the Clausius statement saying 
that you cannot have heat transfer from a lower temperature domain to a higher 
temperature domain without work input. 

The opposite, namely a transfer of heat from a high temperature domain towards a 
lower temperature domain can happen (which is a heat engine with zero 
efficiency). That is the only direction the heat transfer can have namely from the 
high T towards the low T environment. 
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5.4 

A combination of two heat engines is shown in Fig. P5.4. Find the overall thermal 
efficiency as a function of the two individual efficiencies. 

The overall efficiency 

hTH = W net / Q H = (Wj + W 2 ) / Qh = 1 1i+W 2 /Qh 

For the second heat engine and the energy Eq. for the first heat engine 

w 2 = T) 2 Qm = B 2 (1 ~ r ll) Q H 


so the final result is 

r lTH = T li +TI2O - ill) 



\ 



/ 




V 

Figure P5.4 

© John Wiley & Sons, Inc. All rights reserved. 
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Compare two heat engines receiving the same Q, one at 1200 K and the other at 
1800 K; they both reject heat at 500 K. Which one is better? 


The maximum efficiency for the engines are given by the Carnot heat 
engine efficiency as 


T l 

0 th = W net / Qh = 1 - x H 


Since they have the same low temperature the one with the highest T H will have a 
higher efficiency and thus presumably better. 
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5.6 

A car engine takes atmospheric air in at 20°C, no fuel, and exhausts the air at - 

20°C producing work in the process. What do the first and the second laws say 
about that? 

Energy Eq.: W = Q H - Q L = change in energy of air. OK 

2 nd law: Exchange energy with only one reservoir. NOT OK. 

This is a violation of the statement of Kelvin-Planck. 

Remark: You cannot create and maintain your own energy reservoir. 
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A combination of two refrigerator cycles is shown in Fig. P5.7. Find the overall 
COP as a function of COP} and COP 2 . 


The overall COP becomes 


COP = p = 


Ql 

W tot 



W, W, 1 

= COPj = COPi 

Wtot Wtot l+WWj 


where we used W tot = W| + W 2 . Use definition of COP 2 and energy equation for 
refrigerator 1 to eliminate as 


COP 2 = Q m /W 2 and Qm = W 1 + Q l 

so we have 

W 2 = Qm / COP 2 = (W, + Ql) / COP 2 

and then 

W 2 / Wj = (1 + QlAVQ / COP 2 = (1 + COPQ / COP 2 


Finally substitute into the first equation and rearrange a little to get 

COPi COP 2 

C0P = P = COPi + COP 2 + 1 


\ 





Qm 


(REF2) 

<i= 

( REF1 ) 

V / 

®T m 

V / 

A . 


A 

vr 2 


w, 


Figure P5.7 
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5.8 

After you have returned from a car trip the car engine has cooled down and is thus 
back to the state in which it started. What happened to all the energy released in 
the burning of the gasoline? What happened to all the work the engine gave out? 

Solution: 

All the energy from the fuel generates heat and work out of the engine. The heat 
is directly dissipated in the atmosphere and the work is turned into kinetic energy 
and internal energy by all the frictional forces (wind resistance, rolling resistance, 
brake action). Eventually the kinetic energy is lost by braking the car so in the end 
all the energy is absorbed by the environment increasing its internal energy. 
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5.9 

Does a reversible heat engine burning coal (which, in practice, cannot be done 
reversibly) have impacts on our world other than depletion of the coal reserve? 

Solution: 

When you bum coal you form carbon dioxide CO2 which is a greenhouse gas. It 

absorbs energy over a wide spectrum of wavelengths and thus traps energy in the 
atmosphere that otherwise would go out into space. 

Coal from various locations also has sulfur and other substances like heavy metals 
in it. The sulfur generates sulfuric acid (resulting in acid rain) in the atmosphere 
and can damage the forests. 
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5.10 

If the efficiency of a power plant goes up as the low temperature drops, why do 
power plants not just reject energy at say -40°C? 

In order to reject heat the ambient must be at the low temperature. Only if 
we moved the plant to the North Pole would we see such a low T. 

Remark: You cannot create and maintain your own energy reservoir. 
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5.11 

If the efficiency of a power plant goes up as the low temperature drops why not 
let the heat rejection go to a refrigerator at, say, -10°C instead of ambient 20°C? 

The refrigerator must pump the heat up to 20°C to reject it to the ambient. The 
refrigerator must then have a work input that will exactly offset the increased 
work output of the power plant, if they are both ideal. As we can not build ideal 
devices the actual refrigerator will require more work than the power plant will 
produce extra. 
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5.12 

A coal-fired power plant operates with a high T of 600°C whereas a jet engine has 
about 1400 K. Does that mean we should replace all power plants with jet 
engines? 

The thermal efficiency is limited by the Carnot heat engine efficiency. 

That is, the low temperature is also important. Here the power plant has a 
much lower T in the condenser than the jet engine has in the exhaust flow so the 
jet engine does not necessarily have a higher efficiency than the power plant. 

Gas-turbines are used in power plants where they can cover peak power 
demands needed for shorter time periods and their high temperature exhaust can 
be used to boil additional water for the steam cycle. 
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5.13 


A heat transfer requires a temperature difference, see chapter 3, to push the Q. 
What implications does that have for a real heat engine? A refrigerator? 

This means that there are temperature differences between the source of 
energy and the working substance so T H is smaller than the source temperature. 

This lowers the maximum possible efficiency. As heat is rejected the working 

substance must have a higher temperature T L than the ambient receiving the Q L , 
which lowers the efficiency further. 

For a refrigerator the high temperature must be higher than the ambient to 

which the Q H is moved. Likewise the low temperature must be lower than the 

cold space temperature in order to have heat transfer from the cold space to the 
cycle substance. So the net effect is the cycle temperature difference is larger than 
the reservoir temperature difference and thus the COP is lower than that estimated 
from the cold space and ambient temperatures. 

Both of these situations and statements are illustrated in Fig. 5. 27. 
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5.14 

Hot combustion gases (air) at 1500 K are used as the heat source in a heat engine 
where the gas is cooled to 750 K and the ambient is at 300 K. This is not a 
constant T source. How does that affect the efficiency? 


Solution: 


If the efficiency is written as 

T l 

T|th — W net / Qh — 1 — 


then T h is somewhere between 1500 K 
and 750 K and it is not a linear average. 



After studying chapter 6 and 7 we can solve this problem and find the proper 
average high temperature based on properties at states 1 and 2. 
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Heat Engines and Refrigerators 
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5.15 

A window mounted air conditioner removes 3.5 kJ from the inside of a home 
using 1.75 kJ work input. How much energy is released outside and what is its 
coefficient of performance? 

C.V. A/C unit. The energy Q H goes into the outside air. 

Energy Eq.: Q H = W + Q L = 1.75 + 3.5 = 5.25 kJ 

COP: p=^= 3.5/ 1.75 = 2 

\ ^amb X 


t Q 



/ t \ 

1 L 
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5.16 

A lawnmower tractor engine produces 18 hp using 40 kW of heat transfer from 
burning fuel. Find the thermal efficiency and the rate of heat transfer rejected to 
the ambient? 


Conversion Table A.l: 18 hp = 18 x 0.7457 kW = 13.423 kW 

13.423 

Efficiency: p TH = W 0Ut /Q H = 4() = 0.33 

Energy equation: Q L = Q H - W out = 40 - 13.423 = 26.6 kW 
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5.17 

Calculate the thermal efficiency of the steam power plant cycle described in 
Example 4.9. 

Solution: 

From solution to Example 4.9, 


w = w t + w„ = 640.7 - 4 

net 1 P 

= 636.7 kJ/kg 
q H = q b = 283 1 kJ/kg 

636.7 

^TH — w ne/qH — 2831 — 0-225 



Notice we cannot write w net = qn - 9 l as there is an extra heat transfer j Q 2 as a 
loss in the line. This needs to be accounted for in the overall energy equation. 
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5.18 

Assume we have a refrigerator operating at steady state using 500 W of electric 
power with a COP of 2.5. What is the net effect on the kitchen air? 

Take a C.V. around the whole kitchen. The only energy term that crosses 
the control surface is the work input W apart from energy exchanged with the 
kitchen surroundings. That is the kitchen is being heated with a rate of W. 

Remark: The two heat transfer rates are both internal to the kitchen. Q H goes into 

the kitchen air and Q L actually leaks from the kitchen into the refrigerated space, 
which is the reason we need to drive it out again. 
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5.19 

A room is heated with a 1500 W electric heater. How much power can be saved if 
a heat pump with a COP of 2.5 is used instead? 

Assume the heat pump has to deliver 1500 W as the Q H . 

Heat pump: [V = Qr/WlN 

1500 

Win = Q h /P'=^- = 600 W 

So the heat pump requires an input of 600 W thus saving the difference 
W S aved = 1500 W - 600 W = 900 W 


Room 


to. 
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5.20 

Calculate the coefficient of performance of the R-134a refrigerator given in 
Example 4.8. 

Solution: 


From the definition 

14 54 

P = Q l /Win = ^- = 2.91 

Notice we cannot write W IN = Q H - Q L 

as there is a small Q in the compressor. 
This needs to be accounted for in the 
overall energy equation. 



Condense | 
® 


Evaporato 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


5.21 

Calculate the thermal efficiency of the steam power plant cycle described in 
Problem 4.118. 

From solution to Problem 4.1 18, 

Turbine A 5 = (tt/4)(0.2 ) 2 = 0.03142 m 2 

V 5 = mv 5 /A 5 = 25 kg/s x 0.06163 m 3 /kg / 0.03142 m 2 = 49 m/s 
h 6 = 191.83 + 0.92 x 2392.8 = 2393.2 kJ/kg 

w x = 3404 - 2393.2 - (200 2 - 49 2 )/(2 x 1000) = 992 kJ/kg 

W T = mw T = 25 x 992 = 24 800 kW 

W nex = 24 800 - 300 = 24 500 kW 
From the solution to Problem 4.120 

Economizer A 7 = 71 D 7/4 = 0.004 418 m 2 , V 7 = 0.001 008 m 3 /kg 

V 2 = V 7 = mv/A 7 = 25 x 0.001008 / 0.004418 = 5.7 m/s, 

V 3 = (v 3 /v 2 )V 2 = (0.001 118 / 0.001 008) 5.7 = 6.3 m/s * V 2 
so kinetic energy change is unimportant 

9ECON = h 3 - h 2 = 744 - 194 = 550.0 kJ/kg 

Qecon = ^OECON = 25 (550.0) = 13 750 kW 
Generator A 4 = tiD 4 /4 = 0.031 42 m 2 , v 4 = 0.060 23 m 3 /kg 

V 4 = mv 4 /A 4 = 25 x 0.060 23/0.031 42 = 47.9 m/s 
q GEN = 3426 - 744 + (47.9 2 - 6.3 2 )/(2xl000) = 2683 kJ/kg 

Qgen = 25 x (2683) = 67 075 kW 
The total added heat transfer is 

Q h = 13 758 + 67 075 = 80 833 kW 

24500 

^ 4th ““ W NET /( ^H - 80833 ““ 0,303 
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5.22 

A large coal fired power plant has an efficiency of 45% and produces net 1,500 
MW of electricity. Coal releases 25 000 kJ/kg as it burns so how much coal is 
used per hour? 

From the definition of the thermal efficiency and the energy release by the 
combustion called heating value HV we get 

W = r) Q h = tp nr HV 

then 

• W 1500 MW _ 1500 x 1000 kJ/s 

m “ p x HV “ 0.45 x 25000 kJ/kg “ 0.45 x 25000 kJ/kg 

= 133.33 kg/s = 480 000 kg/h 
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5.23 

A window air-conditioner discards 1.7 kW to the ambient with a power input of 
500 W. Find the rate of cooling and the coefficient of performance. 

Solution: 

In this case Q H =1.7 kW goes to the ambient so 
Energy Eq. : Q L = Q H - W = 1.7- 0.5 = 1.2 kW 



Microsoft clipart. 
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5.24 

An industrial machine is being cooled by 0.4 kg/s water at 15°C that is chilled 

from 35°C by a refrigeration unit with a COP of 3. Find the rate of cooling 
required and the power input to the unit. 


Energy equation for heat exchanger 

Ql = m(h, - h 2 ) = m C P (T | - T 2 ) 

= 0.4 kg/s x 4.18 kJ/kg-K x (35 - 15) K 
= 33.44 kW 

p = COP = Q l / W ^ 



W = Q L / p = 33.44 / 3 = 11.15 kW 

Comment: An outside cooling tower is often used for this, see Chapter 11. 
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5.25 

Calculate the COP of the R-410A heat pump cycle described in Problem 4.123. 
The cycle is given by the following states: 




Where 

Q h = m (h 2 - h 3 ) = 0.05 kg/s (367 - 134) kJ/k = 1 1 .65 kW 

The COP is 

P' = COP= Q H /W IN = ii ^|^ = 2.33 
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5.26 

A window air-conditioner unit is placed on a laboratory bench and tested in 
cooling mode using 750 W of electric power with a COP of 1.75. What is the 
cooling power capacity and what is the net effect on the laboratory? 


Definition of COP: P = Ql / W 

Cooling capacity: Q L = pW=1.75x750 = 1313 W 


For steady state operation the Q L comes from the laboratory and Q H goes 

• • • 

to the laboratory giving a net to the lab of W = Q H - Q L = 750 W, that is 
heating it. 



Condenser Fan 


Blower 


Condenser Coil 


Air Inlet Grill 

Air Outlet Grill 


finer 


Evaporator Coil 


Compressor 
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5.27 

A farmer runs a heat pump with a 2 kW motor. It should keep a chicken hatchery 

at 30°C, which loses energy at a rate of 10 kW to the colder ambient T amb . What 

is the minimum coefficient of performance that will be acceptable for the heat 
pump? 

Solution: 

Power input: W = 2 kW 

• • 

Energy Eq. for hatchery: Q H = Q Loss 

Definition of COP: p = COP = 


= 10 kW 


Qh_10 

. - 2 “ 5 
w 
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5.28 

A sports car engine delivers 100 hp to the driveshaft with a thermal efficiency of 
25%. The fuel has a heating value of 40 000 kJ/kg. Find the rate of fuel 
consumption and the combined power rejected through the radiator and exhaust. 

Solution: 

Heating value (HV): Q H = m-HV 

From the definition of the thermal efficiency 

W = T) Q h = rp nr HV 
W 100 x 0.7355 

m “ rj-HV “ 0.25 x 40 000 - °- 00736 k § /s “ 7,36 
Conversion of power from hp to kW in Table A.l. 

Ql = Qh-W = (W/p-W) =(^ -1 )W 

= ( 1) 100 hp X 0.7355 kW/hp = 221 kW 



Fuel line 
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5.29 

R-410A enters the evaporator (the cold heat exchanger) in an A/C unit at -20°C, x 

= 28% and leaves at -20°C, x = 1. The COP of the refrigerator is 1.5 and the mass 
flow rate is 0.003 kg/s. Find the net work input to the cycle. 


Energy equation for heat exchanger 

Q L = m(h 2 - hj) = m[h g - (h f + x l h fg )] 



= m[h fg - x l h fg ] = m (1 - Xf)h fg 
= 0.003 kg/s x 0.72 x 243.65 kJ/kg = 0.5263 kW 

p = COP =Q l /W ■=> W = Q L /p = 0.5263 / 1.5 = 0.35 kW 
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5.30 

In a Rankine cycle steam power plant 0.9 MW is taken out in the condenser, 0.63 
MW is taken out in the turbine, and the pump work is 0.03 MW. Find the plant 
thermal efficiency. If everything could be reversed find the COP as a refrigerator. 

Solution: 



^TH - 

Qh 


CV. Total plant: 
Energy Eq.: 


Qh + W P4n = W T + Q l 

Q H = W T + QL-Wp,i n 

= 0.63 + 0.9-0.03= 1.5 MW 


0.63 - 0.03 
1.5 


0.40 




• • 



0.9 

“0.63-0.03 


= 1.5 
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5.31 

An experimental power plant generates 130 MW of electrical power. It uses a 
supply of 1200 MW from a geothermal source and rejects energy to the 
atmosphere. Find the power to the air and how much air should be flowed to the 

cooling tower (kg/s) if its temperature cannot be increased more than 12°C. 

Solution: 

C.V. Total power plant. 

Energy equation gives the amount of heat rejection to the atmosphere as 

Q l = Q H - W = 1200 - 130 = 1070 MW 
The energy equation for the air flow that absorbs the energy is 

Ql = m air Ah = m air C p AT 

Ql 1070 x 1000 MW 
mair “ CpAT “ 1.004 x 12 (kJ/kg-K) x K “ 88 811 kg/s 

This is too large to make, so some cooling by liquid water or evaporative cooling 
should be used, see chapter 1 1 . 
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5.32 

A water cooler for drinking water should cool 25 L/h water from 18°C to 10°C 
while the water reservoir also gains 60 W from heat transfer. Assume a small 
refrigeration unit with a COP of 2.5 does the cooling. Find the total rate of 
cooling required and the power input to the unit. 


The mass flow rate is 

• 25 x 10' 3 1 

m = P V = 0.001002 3600 ^ = 6 - 93 8 /s 
Energy equation for heat exchanger 
Ql = ^(hi - h 2 ) + Qh TR 

= m Cp (T | - T 2 ) + Qh tr 

= 6.93 x 10' 3 kg/s x 4.18 kJ/kg-K x (18 - 10) K + 60 W 
= 291.8 W 



p = COP = Q L / W ^ W = Q L / p = 291.8 / 2.5 = 116.7 W 


Comment: The unit does not operate continuously so the instantaneous power is 
higher during the periods it does operate. 
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5.33 

A large stationary diesel engine produces 5 MW with a thermal efficiency of 
40%. The exhaust gas, which we assume is air, flows out at 800 K and the intake 
air is 290 K. How large a mass flow rate is that, assuming this is the only way we 
reject heat? Can the exhaust flow energy be used? 

5 

Heat engine: Q H = W 0Ut /r| XH = = 12.5 MW 

Energy equation: Q L = Qh ~ W out = 12.5 - 5 = 7.5 MW 

Exhaust flow: Q L = m air (h 800 - h 290 ) 

. Ql 7.5 x 1000 kW 

mair “ h 800 - h 290 “ 822.2 - 290.43 kJ/kg “ 14,1 kg/s 

The flow of hot gases can be used to heat a building or it can be used to 
heat water in a steam power plant since that operates at lower temperatures. 
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5.34 

For each of the cases below determine if the heat engine satisfies the first law 
(energy equation) and if it violates the second law. 


a. 

Q H = 6 kW, 

Q L = 4 kW, 

W = 2 kW 

b. 

Q H = 6 kW, 

Q L = 0 kW, 

W = 6 kW 

c. 

Q H = 6 kW, 

Q L = 2 kW, 

W = 5 kW 

d. 

Q H = 6 kW, 

Q L = 6 kW, 

W = 0 kW 


Solution: 



1 st . law 

2 nd law 

a 

Yes 

Yes (possible) 

b 

Yes 

No, impossible Kelvin - Planck 

c 

No 

Yes, but energy not conserved 

d 

Yes 

• 

Yes (Irreversible Q over AT) 


\ T H / 



w 
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5.35 

For each of the cases in problem 5.34 determine if a heat pump satisfies the first 
law (energy equation) and if it violates the second law. 


• • • 


a. 

Q H = 6 kW, 

Q l = 4 kW, 

W = 2 kW 

b. 

Q H = 6 kW, 

Q L = 0 kW, 

W = 6 kW 

c. 

Q H = 6 kW, 

Q L = 2 kW, 

W = 5 kW 

d. 

Q H = 6 kW, 

Q L = 6 kW, 

W = 0 kW 


Solution: 


a 

b 


c 

d 


1 st . law 


2 nd law 

Satisfied 


Does not violate 

Satisfied 


Does not violate 

Violated 


Does not violate, but 1 st law 

Satisfied 


Does violate, Clausius 

v_ 

t h 



ft 4, 


C) 

. --^cb 

<=■ w 


HQl 

/~ 

T L 

\ 
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5.36 

Calculate the amount of work input a refrigerator needs to make ice cubes out of a 

tray of 0.25 kg liquid water at 10°C. Assume the refrigerator has p = 3.5 and a 
motor-compressor of 750 W. How much time does it take if this is the only 
cooling load? 

C.V. Water in tray. We neglect tray mass. 

Energy Eq.: m(u 2 - u : ) = : Q 2 - iW 2 

Process : P = constant = P 0 

iW 2 = I P dV = P 0 m(v 2 - Vl ) 

iQ 2 = m ( u 2 - u l) + 1 W 2 = m ( h 2 - h l) 

Tbl. B.1.1 : hj = 41.99 kJ/kg, Tbl. B.1.5 : h 2 = - 333.6 kJ/kg 

: Q 2 = 0.25(-333.4 - 41.99 ) = - 93.848 kJ 

Consider now refrigerator 

P = q l av 

w = Q L /p = - ! Q 2 / P = 93.848/3.5 = 26.81 kJ 
For the motor to transfer that amount of energy the time is found as 

W = | W dt = W At 


At = W/W = (26.81 x 1000)J /750 W = 35.75 s 


©C. Borgnakke 



Comment: We neglected a baseload 
of the refrigerator so not all the 750 W 
are available to make ice, also our 
coefficient of performance is very 
optimistic and finally the heat transfer 
is a transient process. All this means 
that it will take much more time to 
make ice-cubes. 
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Second Law and Processes 
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5.37 

Prove that a cyclic device that violates the Kelvin-Planck statement of the second 
law also violates the Clausius statement of the second law. 

Solution: Proof very similar to the proof in section 5.2. 


H.E. violating Kelvin receives Q H from 
T h and produces net W = Q H . 

This W input to H.P. receiving Q L from T L 
H.P. discharges Q H + Q L to T H . 

Net Q to T h is : -Q H + Q H + Ql = Ql- 



H.E. + H.P. together transfers Q L from T L to T H with no W thus violates 
Clausius. 
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5.38 

Discuss the factors that would make the power plant cycle described in Problem 
4.118 an irreversible cycle. 

Solution: 

General discussion, but here are a few of the most significant factors. 

1. Combustion process that generates the hot source of energy. 

2. Heat transfer over finite temperature difference in boiler. 

3. Flow resistance and friction in turbine results in less work out. 

4. Flow friction and heat loss to/from ambient in all pipes. 

5. Heat transfer over finite temperature difference in condenser. 
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5.39 

Discuss the factors that would make the heat pump described in Problem 4.123 an 
irreversible cycle. 

Solution: 

General discussion but here are a few of the most significant factors. 

1. Unwanted heat transfer in the compressor. 

2. Pressure loss (back flow leak) in compressor 

3. Heat transfer and pressure drop in line 1 => 2. 

4. Pressure drop in all lines. 

5. Throttle process 3 => 4. 
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5.40 

Assume a cyclic machine that exchanges 6 kW with a 250°C reservoir and has 

a. Q L = 0 kW, W = 6 kW 

b. Q L = 6 kW, W = 0 kW 

and Ql is exchanged with a 30°C ambient. What can you say about the 

processes in the two cases a and b if the machine is a heat engine? Repeat the 
question for the case of a heat pump. 

Solution: 

Heat engine 

a. Since Q L = 0 impossible Kelvin - Planck 

b. Possible, irreversible, Peng = 0 
Heat pump 

a. Possible, irreversible (like an electric heater) 

b. Impossible, p — > qo, Clausius 
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5.41 

Consider a heat engine and heat pump connected as shown in figure P5.41. 
Assume T H1 = T H2 > T amb and determine for each of the three cases if the setup 

satisfy the first law and/or violates the 2 nd law. 



Qhi 

Qli 

W, 

Qh2 

Ql2 

w 2 

a 

6 

4 

2 

3 

2 

1 

b 

6 

4 

2 

5 

4 

1 

c 

3 

2 

1 

4 

3 

1 

Solution: 

1 st . 

law 


2 nd law 



a 

Yes 



Yes (possible) 


b 

Yes 



No, combine Kelvin - Planck 

c 

Yes 



No, combination clausius 
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5.42 

Consider the four cases of a heat engine in problem 5.34 and determine if any of 
those are perpetual machines of the first or second kind. 


• • • 


a. 

Q H = 6 kW, 

Q L = 4 kW, 

W = 2 kW 

b. 

Q H = 6 kW, 

Q L = 0 kW, 

W = 6 kW 

c. 

Q H = 6 kW, 

Q l = 2 kW, 

W = 5 kW 

d. 

Q H = 6 kW, 

Q l = 6 kW, 

W = 0 kW 



Solution: 

1 st . law 
a Yes 

b Yes 


2 nd law 

Yes (possible) 

No, impossible Kelvin - Planck 
Perpetual machine second kind 


nd 9 9 

It violates the 2 law converts all Q to W 

c No Yes, but energy not conserved 

Perpetual machine first kind 
It generates energy inside 


d Yes 


Yes (Irreversible Q over AT) 
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5.43 

The simple refrigeration cycle is shown in Problem 5.23 and in Fig. 5.6. Mention 
a few of the processes that are expected to be irreversible. 

The throttling process is highly irreversible. 

Both of the heat transfer processes are externally irreversible, large AT 
between the working substance and the source or sink energy reservoir. 

Both of the heat transfer processes are also internally irreversible, smaller 
AT in the substance so there is not a single uniform T across the flow cross 
sectional area. This is necessary to redistribute the energy uniformly in the 
working substance. 

The compressor has friction and flow losses so not all of the shaft work 
goes into raising the substance pressure. Such an effect is described by a device 
efficiency in chapter 7. 
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Carnot Cycles and Absolute Temperature 
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5.44 

Calculate the thermal efficiency of a Carnot cycle heat engine operating between 
reservoirs at 300°C and 45°C. Compare the result to that of Example 4.7. 


Solution: 

T l 45 + 273 

Bth = Wnet / Qh = 1 - = 1 _ 3oo + 273 = 0*445 (Carnot) 

640.8 - 4 

Bex 4.7 - w net / Oh - 2831.1 _0 - 225 

(efficiency about Vi of the Carnot) 
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5.45 

An ideal (Carnot) heat engine has an efficiency of 40%. If the high temperature is 
raised 15% what is the new efficiency keeping the same low temperature? 


Solution: 

T l T l 

Pth = w net / Q H = 1 - Th = 0.4 ■=> Th = 0.6 

so if T h is raised 15% the new ratio becomes 

Tl 

~ = 0.6/1.15 = 0.5217 O p XHnew = 1-0.5217 = 0.478 

new 
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5.46 

At a few places where the air is very cold in the winter, like -30°C it is possible to 

find a temperature of 13°C down below ground. What efficiency will a heat 
engine have operating between these two thermal reservoirs? 

Solution: 


ri TH - 1 Th 

The ground becomes the hot source and 
the atmosphere becomes the cold side of 
the heat engine 


273 - 30 243 

^TH- 1 ~ 273 + 13 “ 1 “ 286 


0.15 


This is low because of the modest 
temperature difference. 



Microsoft clipart. 
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5.47 

Consider the combination of a heat engine and a heat pump, as in Problem 5.41, 
with a low temperature of 400 K. What should the high temperature be so that the 
heat engine is reversible? For that temperature what is the COP for a reversible 
heat pump? 


For all three cases of the heat engine the ratio between the heat transfers and the 
work term is the same as: 


Q H :Q L : W = 6:4:2 = 3:2:1 

For a reversible heat engine we must have the heat transfer ratio equal to the 
temperature ratio so 


Qh _ Jh 3 T h 

. _ Tr ~ 2 ~ 400 K -> 

Ql 


T h = (3/2) 400 K = 600 K 


The COP is 

• 3 T h 600 

C0P HP - Qh / W - J - 3 ( - Th _ Tl - 600 _ 400^ 


\ T H1 / \ T H2 
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5.48 

Find the power output and the low T heat rejection rate for a Carnot cycle heat 
engine that receives 6 kW at 250°C and rejects heat at 30°C as in Problem 5.40. 


Solution: 

From the definition of the absolute temperature Eq. 5.4 


\ 303 

^lcarnot — — T — * — 523 


0.42 


Definition of the heat engine efficiency gives the work as 


W = r| Q h = 0.42 x 6 = 2.52 kW 
Apply the energy equation 


Q l = Q h - W = 6 - 2.52 = 3.48 kW 
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5.49 


A large heat pump should upgrade 4 MW of heat at 65°C to be delivered as heat 
at 145°C. What is the minimum amount of work (power) input that will drive 
this? 


For the minimum work we assume a Carnot heat pump and Q L = 4 MW. 

Qh T h 273.15 + 145 
Php- . “ T H - T L “ 145 - 65 - 5 ‘ 227 

Win 

Ql 

Pref - Php ■ 1 - - 4.227 

Win 

Now we can solve for the work 


W in = Qi/Pref = 4/4.227 = 0.946 MW 


This is a domestic or 
small office building 
size A/C unit, much 
smaller than the 4 MW 
in this problem. 
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5.50 

A temperature of about 0.01 K can be achieved by magnetic cooling. In this 
process a strong magnetic field is imposed on a paramagnetic salt, maintained at 1 
K by transfer of energy to liquid helium boiling at low pressure. The salt is then 
thermally isolated from the helium, the magnetic field is removed, and the salt 
temperature drops. Assume that 1 mJ is removed at an average temperature of 0.1 
K to the helium by a Carnot-cycle heat pump. Find the work input to the heat 
pump and the coefficient of performance with an ambient at 300 K. 


Solution: 



Q 


L 


w. 


in 


T L 

t h- t l 


0.1 

299.9 


0.00033 


W in“ p “0.00033 _3J 

Remark: This is an extremely large temperature difference for a heat pump. A 
real one is built as a refrigerator within a refrigerator etc. 
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5.51 

The lowest temperature that has been achieved is about 1 x 10 6 K. To achieve 
this an additional stage of cooling is required beyond that described in the 
previous problem, namely nuclear cooling. This process is similar to magnetic 
cooling, but it involves the magnetic moment associated with the nucleus rather 
than that associated with certain ions in the paramagnetic salt. Suppose that 10 pJ 
is to be removed from a specimen at an average temperature of 10 -5 K (ten micro- 
joules is about the potential energy loss of a pin dropping 3 mm). Find the work 
input to a Carnot heat pump and its coefficient of performance to do this assuming 
the ambient is at 300 K. 


Solution: 

The heat removed from the cold space is 

Q l = 10 pJ = lOx 10' 6 J at T l = 10' 5 K 
Carnot heat pump satisfies Eq.7.4 

T h 300 

=> Q u = Q, x — = 10 x 10 0 J x r = 300 J 
h l i L 10 O 


From the energy equation for the heat pump 

W in = Q h - Q l = 300 - 10 x 10' 6 = 300 J 

„ Q L IOxIO ' 6 „ o 
P _ W _ 300 _ 3.33x10 

in 
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5.52 

Consider the setup with two stacked (temperature wise) heat engines as in Fig. 
P5.4. Let T h = 850 K, T M = 600 K and T L = 350 K. Find the two heat engine 

efficiencies and the combined overall efficiency assuming Carnot cycles. 


The individual efficiencies 

t M 

t h 

Tl 


ill = 1- 


112 = 1 - 


T 


= 1 - 


= 1 - 


M 


600 

850 

350 

600 


= 0.294 


= 0.417 


The overall efficiency 

Pth = W net / Q h = (Wj + W 2 ) / Q h = B 1 + W 2 / Q h 

For the second heat engine and the energy Eq. for the first heat engine 

• • • 

W 2 = 02 Qm = 02 (1 - Ol) Q H 


so the final result is 

Oth = Ol + 02 (! - Ol) = 0.294 + 0.417 (1 - 0.294) = 0.588 


Comment: It matches a single heat engine q TH 


T l 

T 


350 

850 


0.588 
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5.53 

Find the maximum coefficient of performance for the refrigerator in your kitchen, 
assuming it runs in a Carnot cycle. 

Solution: 


The refrigerator coefficient of performance is 

P = Q l /w = Q l /(Q h - Q l ) = Wh - t l) 

Assuming T L ~ 0°C, T H ~ 35°C, 

„ 273.15 

P - 35 - 0 _ 7,8 

Actual working fluid temperatures must be such that 
^ ^ refrigerator an( ^ > T room 



A refrigerator does not operate in a 
Carnot cycle. The actual vapor 
compression cycle is examined in 
Chapter 9. 
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5.54 

A car engine burns 5 kg fuel (equivalent to addition of Q H ) at 1500 K and rejects 

energy to the radiator and the exhaust at an average temperature of 750 K. If the 
fuel provides 40 000 kJ/kg what is the maximum amount of work the engine can 
provide? 

Solution: 

A heat engine Q H = m q fueJ = 5 kg x 40 000 kJ/kg = 200 000 kJ 

Assume a Carnot efficiency (maximum theoretical work) 

_ i _ T L ,750 
11-1 T h - 1 1500 _0 - 5 

w = T| Q h = 100 000 kJ 



Air intake filter Fan Radiator 

Atm. 







^00 o ) 


n 


Exhaust flow 


Coolant flow 




'Sl< 


air 
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5.55 

An air-conditioner provides 1 kg/s of air at 15°C cooled from outside atmospheric 
air at 35°C. Estimate the amount of power needed to operate the air-conditioner. 
Clearly state all assumptions made. 

Solution: 

Consider the cooling of air which needs a heat transfer as 


Q air = m Ah = m C p AT = 1 kg/s x 1.004 kJ/kg K x 20 K = 20 kW 
Assume Camot cycle refrigerator 



Ql 

— = Ql/(Qh- 

w 


Ql ) = 


T 


L 


t h -t 


L 


273 + 15 
35 - 15 


14.4 


W = Q L / p = 


20.0 

14.4 


1.39 kW 


This estimate is the theoretical maximum 
performance. To do the required heat 
transfer T L = 5°C and T H = 45°C are 
more likely; secondly 

P < Pcamot 
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5.56 

A refrigerator should remove 400 kJ from some food. Assume the refrigerator 

works in a Carnot cycle between -15°C and 45°C with a motor-compressor of 
400 W. How much time does it take if this is the only cooling load? 

Assume Carnot cycle refrigerator 

„ Ql • • • T l 273 - 15 

P- < -Ql/(Qh-Ql) = Th . Xl - 45 .(. 15 )- 4 -3 

W 

This gives the relation between the low T heat transfer and the work as 

Q L = ^ = p W = 4.3 W 

Q _ 400 x 1000 J _ 

t_ . - 4.3 x400 W -233s 
p W 
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5.57 


Calculate the amount of work input a refrigerator needs to make ice cubes out of a 

tray of 0.25 kg liquid water at 10°C. Assume the refrigerator works in a Carnot 

cycle between -8°C and 35°C with a motor-compressor of 600 W. How much 
time does it take if this is the only cooling load? 

Solution: 

C.V. Water in tray. We neglect tray mass. 

Energy Eq.: m(u 2 - u,) = ,Q 2 - iW 2 

Process : P = constant + P 0 

1 W 2 = JPdV = P 0 m(v 2 -v 1 ) 


jQ 2 = m(u 2 - u : ) + jW 2 = m(h 2 - hj) 

Tbl. B.1.1 : h : = 41.99 kJ/kg, Tbl. B. 1.5 : h 2 = - 333.6 kJ/kg 

jQ 2 = 0.25 kg (-333.4 - 41.99 ) kJ/kg = - 93.848 kJ 


Consider now refrigerator 

_ Ql Ql T l 273 - 8 
P- W -Q h -Q l - T h - T l - 35 - (-8) 


6.16 


W = 



1Q2 

P 


93.848 

6.16 


15.24 kJ 


For the motor to transfer that amount of energy the time is found as 


W = 1 W dt = W At 



15.24x1000 J _ 

~ 600 w _25,4s 


Comment: We neglected a baseload of the refrigerator so not all the 600 W are 
available to make ice, also our coefficient of performance is very optimistic and 
finally the heat transfer is a transient process. All this means that it will take much 
more time to make ice-cubes. 
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5.58 

We propose to heat a house in the winter with a heat pump. The house is to be 
maintained at 20°C at all times. When the ambient temperature outside drops to 
-10°C, the rate at which heat is lost from the house is estimated to be 25 kW. 
What is the minimum electrical power required to drive the heat pump? 


Solution: 


Minimum power if we 
assume a Carnot cycle 




W 





• • 

Energy equation for the house (steady state): Q H = Qj eak = 25 kW 


P 


t 




T h _ 293.2 
T h -T l - 20-(-10) 


9.773 => 


25 

w 

W IN _ 9.773 


= 2.56 kW 
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5.59 

A household freezer operates in a room at 20°C. Heat must be transferred from 
the cold space at a rate of 2 kW to maintain its temperature at -30°C. What is the 
theoretically smallest (power) motor required to operate this freezer? 

Solution: 


Assume a Carnot cycle between T L = -30°C and 
T h = 20°C: 





T 


L 


T -T 
l L 


273.15 - 30 
20 -(-30) _4 ' 86 


W in = Ql/P = 2/4 ' 86 = 041 kW 

This is the theoretical minimum power input. 
Any actual machine requires a larger input. 


\ Iamb / 


ft Q 
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5.60 

A thermal storage is made with a rock (granite) bed of 2 m 3 which is heated to 
400 K using solar energy. A heat engine receives a Q H from the bed and rejects 

heat to the ambient at 290 K. The rock bed therefore cools down and as it reaches 
290 K the process stops. Find the energy the rock bed can give out. What is the 
heat engine efficiency at the beginning of the process and what is it at the end of 
the process? 


Solution: 


Assume the whole setup is reversible and that the heat engine operates in a 
Carnot cycle. The total change in the energy of the rock bed is 

u 2 - uj = q = C AT = 0.89 kJ/kgK x (400 - 290) K = 97.9 kJ/kg 

m = pV = 2750 kg/m 3 x 2 m 3 = 5500 kg , 

Q = mq = 5500 kg x 97.9 kJ/kg = 538 450 kj 
To get the efficiency use the CARNOT cycle result as 

r| = 1 - T 0 /T h = 1 - 290/400 = 0.275 at the beginning of process 

q = 1 - T 0 /T h = 1 - 290/290 = 0.0 at the end of process 
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5.61 

It is proposed to build a 1000-MW electric power plant with steam as the working 
fluid. The condensers are to be cooled with river water (see Fig. P5.61). The 
maximum steam temperature is 550°C, and the pressure in the condensers will be 
10 kPa. Estimate the temperature rise of the river downstream from the power 
plant. 

Solution: 


W NET = 10° kW, T h = 550°C = 823.3 K 

P COND = 10 kPa t l = t g (P = 10 kPa) = 45 - 8 ° c = 319 K 

T h- T L 823.2- 319 


^ TH CARNOT _ T 


Q, 


r = 10 ' 


But m 


L MIN 
60 x 8 x 10/60 


H 


1 - 0.6125' 


823.2 


= 0.6125 


= 0.6327 x 10 6 kW 


/ 


H 2 ° 


. 0.6125 

0 001 =80 000 kg/s having an energy flow of 


Q 


L MIN ~ '"hLO _ '"H 2 0 '-'P LIQ H 2 0 AT H 2 0 MIN 


= m M n Ah = m,, ^ C, 

z 


AT 


Ql 


MIN 


kW 


h 2 o min 


” 1 H 2 0 C P LIQ H 2 0 


0.6327xlQ 6 

80000 x 4.184 kg/s x kJ/kg-K 


= 1.9°C 
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5.62 

A certain solar-energy collector produces a maximum temperature of 100°C. The 
energy is used in a cyclic heat engine that operates in a 10°C environment. What 
is the maximum thermal efficiency? If the collector is redesigned to focus the 
incoming light, what should the maximum temperature be to produce a 25% 
improvement in engine efficiency? 


Solution: 

For T h = 100°C = 373.2 K & T L = 283.2 K 
T H-T L 90 

max - T h “ 373.2 - 0,241 

The improved efficiency is 

tl, =0.241 x 1.25 = 0.301 

'th max 

With the Camot cycle efficiency 


^th 


max 


t h - t l t l 
— p = 1 - — = 0.301 

X H 


Then 


T h = T l / (1 - 0.301) = 405 K = 132°C 
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5.63 

A constant temperature of -125°C must be obtained in a cryogenic experiment, 
although it gains 120 W due to heat transfer. What is the smallest motor you 
would need for a heat pump absorbing heat from the container and rejecting heat 
to the room at 20°C? 


Solution: 

We do not know the actual device so find the work for a Carnot cycle 


T 


L 


148.15 


Pref = Q l / W = j ™ = 1 .022 


H L 


20 -(-125) 


=> 


W = Q / p^p = 120 W/1.022 = 117. 4 W 
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5.64 

Helium has the lowest normal boiling point of any of the elements at 4.2 K. At 
this temperature the enthalpy of evaporation is 83.3 kJ/kmol. A Carnot 
refrigeration cycle is analyzed for the production of 1 kmol of liquid helium at 4.2 
K from saturated vapor at the same temperature. What is the work input to the 
refrigerator and the coefficient of performance for the cycle with an ambient at 
300 K? 


Solution: 

For the Camot cycle the ratio of the heat transfers is the ratio of temperatures 

Q l = n hfg = 1 kmol x 83.3 kJ/kmol = 83.3 kJ 
T h 300 

Q h = Q l x — = 83.3 x = 5950 kJ 

T j 

w in = Qh ' q l = 5950 ■ 83 3 = 5886/7 kJ 

Ql 83 3 Tl 

P = W^ = 5886.7 = 00142 [ = T h - T l 1 
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5.65 

R-134a fills a 0.1-m 3 capsule at 20°C, 200 kPa. It is placed in a deep freezer, 
where it is cooled to -10°C. The deep freezer sits in a room with ambient 
temperature of 20°C and has an inside temperature of-10°C. Find the amount of 
energy the freezer must remove from the R-134a and the extra amount of work 
input to the freezer to perform the process. 

Solution: 

C.V. R-134a out to the -10°C space. 

Energy equation: m(u 2 - up = ]Q 2 - ] W 2 

Process : V = Const => v 2 = Vj => iWo = 0 

Table B.5.2: Vj = 0.11436 m 3 /kg, Uj = 395.27 kJ/kg 

m = V/v! =0.87443 kg 

State 2: v 2 = vj > v g = 0.09921 m 3 /kg Table B. 5.1 => sup vap 

(T,v) interpolate between 150 kPa and 200 kPa in B.5.2 
0.11436-0.13602 

P 2 = 150 + 50 o 10013 - 0 13602 = + ^0* 0-6035 = 180 kPa 

u 2 = 373.44 + 0.6035 x (372.31 - 373.44 ) = 372.76 kJ/kg 
: Q 2 = m(u 2 - uj) = 0.87443 kg x (372.76 - 395.27) kJ/kg 

= - 19.68 kj 

Consider the freezer and assume Carnot cycle 

R Ql Ql T L 273 - 10 

P-W-Q h -Q l - T h -T l - 20 - (-10) 

Win = Ql / P = 19-68 kJ/ 8.767 = 2.245 kj 


r 


-io°c 


v 


ft 





0 


J 
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5.66 

A heat engine has a solar collector receiving 0.2 kW per square meter inside 
which a transfer media is heated to 450 K. The collected energy powers a heat 

engine which rejects heat at 40°C. If the heat engine should deliver 2.5 kW what 
is the minimum size (area) solar collector? 


Solution: 


T h = 450 K T L = 40°C = 313.15 K 

T L 313.15 
! - T h - 1 - 450 - 0.304 


hHE- 


W = '1Qh => Qh = 0304 kw = 8.224 kW 


• Qh 

Qh = 0.2 (kW/m 2 ) A => A = ^ = 41 m 2 
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5.67 

A heat pump is driven by the work output of a heat engine as shown in figure 

• • 

P5.67. If we assume ideal devices find the ratio of the total power Q L1 + Q H0 that 

heats the house to the power from the hot energy source Q H1 in terms of the 
temperatures. 


T 


PhP - ^H2 /W - Qh2 / ' ( ^H2' Ql2^ _ T -T 

room amb 

T 

• • _ room N • 

w = 11 HE . Q h1 = (1- T ) Q h1 

H 

T 

• • room • 

W = ( ^H2 / PhP = ~T 2T T ^H2 

room amb 

T 

• • • room • 

QLi = Q H r w = [1 ' 1 Q 


t h j -hi 

T 


1 -- 


room 


Q U o + Qti t a t h 

^ H2 ^L1 , , room H 

= 1-1 — + 


Q 


T 


H 


T -T , 

room amb 


T T - T z /T u 

room room room H 
■ + " 


T 


H 


T -T , 
room amb 


HI 


T 


room 


T 


1 - 


room 


1 

= T_r-7f- + 


T 


H 


room L T u T - T , 
H room amb 


] = 


room 


H 


i 


T - T 

X H amb 

T -T , 

room amb 


i 


T 


room 


T 


[1 + 


H 


T - T 

H room 

T -T , 

room amb 


] 


\ X \ T amb 
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5.68 

Sixty kilograms per hour of water runs through a heat exchanger, entering as 
saturated liquid at 200 kPa and leaving as saturated vapor. The heat is supplied by 
a Carnot heat pump operating from a low-temperature reservoir at 16°C with a 
COP of half that of a similar Carnot unit. Find the rate of work into the heat 
pump. 

Solution: 

C.V. Heat exchanger 

• • • • • 

m 1 = m 2 ; nijhj + Qh = m i^2 

Table B.1.2: h, = 504.7 kJ/kg, 
h 2 = 2706.7 kJ/kg 
T h = T sat (P) = 120.93 +273.15 

= 394.08 K 
60 

Q h = ^^(2706.7 - 504.7) = 36.7 kW 

First find the COP of a Carnot heat pump. 

P' = Q h AV = T h / (T h - T l ) = 394.08 / (394.08 - 289.15) = 3.76 
Now we can do the actual one as p' H = 3.76/2 = 1.88 

W = Q H /p' H = 36.7 kW /1.88 = 19.52 kW 
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5.69 

A power plant with a thermal efficiency of 40% is located on a river similar to 

Fig. P5.61. With a total river mass flow rate of 1 x 10 5 kg/s at 15°C find the 
maximum power production allowed if the river water should not be heated more 
than 1 degree. 


The maximum heating allowed determines the maximum Q L as 

Ql = ™h o O Ah = ™H 2 0 C P LIQ H 2 0 AT H 2 0 

= 1 x 10 5 kg/s x 4.18 kJ/kg-K x 1 K = 418 MW 

= 1/r) TH ac “ ^ 

W NET = Q L /(l/p THac -l) = Q LlT ^ 

= 418MWxy^^=279 MW 
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5.70 

Liquid sodium leaves a nuclear reactor at 800°C and is used as the energy source 
in a steam power plant. The condenser cooling water comes from a cooling tower 
at 15°C. Determine the maximum thermal efficiency of the power plant. Is it 
misleading to use the temperatures given to calculate this value? 


Solution: 


80 (fC 



ENERGY 
TO H£> 


ENERGY 
FROM 

STEAM 
POWER 
PLANT 



COOL IN i 
TOWER 


T h = 800°C = 1073.2 K, T L = 15°C = 288.2 K 

T h ' T L 1073.2 - 288.2 
^THMAX - T - 1073.2 _ 0,731 

H 

It might be misleading to use 800°C as the value for T H , since there is not a 

supply of energy available at a constant temperature of 800°C (liquid Na is 
cooled to a lower temperature in the heat exchanger). 

=> The Na cannot be used to boil H 2 0 at 800°C. 

Similarly, the H 2 0 leaves the cooling tower and enters the condenser at 15°C, 
and leaves the condenser at some higher temperature. 

=> The water does not provide for condensing steam at a 
constant temperature of 15°C. 
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5.71 

The management of a large factory cannot decide which of two fuels to purchase. 
The selected fuel will be used in a heat engine operating between the fuel burning 
temperature and a low exhaust temperature, of. Fuel A burns at 2200 K and 
exhausts at 450 K, delivering 30 000 kJ/kg, and costs $ 1.50/kg. Fuel B bums at 
1200 K and exhausts at 350 K, delivering 40 000 kJ/kg and costs $1. 30/kg. Which 
fuel would you buy and why? 


Solution: 


Fuel A: 



450 

2200 


0.795 


Fuel B: 


W A = r| TH A x Q a = 0-795 x 30 000 = 23 850 kJ/kg 

W A /$ A = 23 850/1.5 = 15 900 kJ/$ 

T L 350 

^TH.B - 1 “ T„ “ 1 " 1200 - 0-708 

n 


W B = Bth b x Qb = °- 708 x 40 000 = 28 320 kJ/kg 

W fi /$ B = 28 320/1.3 = 21 785 kJ/$ 

Select fuel B for more work per dollar though it has a lower thermal efficiency. 
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5.72 

A sales person selling refrigerators and deep freezers will guarantee a minimum 
coefficient of performance of 4.5 year round. How would you evaluate that? Are 
they all the same? 

Solution: 

Assume a high temperature of 35°C. If a freezer compartment is included 
T l ~ -20°C (deep freezer) and fluid temperature is then T L ~ -30°C 

T L _ 273.15 - 30 

Pdeep freezer - T H - T L _ 35 - (-30) “ 3 ' 74 

A hot summer day may require a higher T H to push Q H out into the room, so 
even lower p. 

Claim is possible for a refrigerator, but not for a deep freezer. 
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5.73 

A cyclic machine, shown in Fig. P5.73, receives 325 kJ from a 1000 K energy 
reservoir. It rejects 125 kJ to a 400 K energy reservoir and the cycle produces 200 
kJ of work as output. Is this cycle reversible, irreversible, or impossible? 


Solution: 


^Carnot “ 1 T 


T L 

= 1 -^= 1 - 


hpncr = 


w 


H 

200 


'eng “ Q H “ 325 
This is impossible. 


400 

1000 


= 0.6 


= °' 615 > ^Carnot 


\T h = 1000 K / 



CD / vv — 

^Ql= 125 


/ T l = 400 k\ 


kJ 


200 kJ 
kJ 
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5.74 

Consider the previous problem and assume the temperatures and heat input are as 
given. If the actual machine has an efficiency that is half that of the corresponding 
Carnot cycle, find the work out and the rejected heat transfer. 


T 


^Carnot 


= 1 - 


T 


L 400 

= l—i = 0.6 


H 


1000 


w 


9 eng - ^Carnot 72 “ 03 “ Q H 
W = 0.3 Q h = 0.3 x 325 = 97.5 kj 


Ql = Q h - w = ( 325 - 97 - 5 ) kJ = 227 -5 kj 


\T h = 1 000 K / 



/t l =400 K\ 
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5.75 

Repeat problem 5.61 using a more realistic thermal efficiency of 45%. 


W NET " 10 kw " ^TH ac ^H’ ^TH ac _ 0-45 


Ql - Q H ' W NET “ W NET /r *TH ac ' W NET ” W NET' 


(1/r *THac Q 


= 10 6 kW 


n - 0.45' 
0.45 


= 1.222 x 10 6 kW 




But m 


60 x 8 x 10/60 


h 2 ° 


q qqj = 80 000 kg/s having an energy flow of 


Ql - m H 2 0 Ah - m HoO C P 


h 2 o liq h 2 o at h 2 o 


AT 


Ql 


1.222 x 10 6 kW 


h 2 0 


” 1 h 2 o c p liq h 2 o 


80 000 X 4.18 kg/s X kJ/kg-K 


= 3.65°C 
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5.76 

An inventor has developed a refrigeration unit that maintains the cold space at 
-10°C, while operating in a 25°C room. A coefficient of performance of 8.5 is 
claimed. How do you evaluate this? 


Solution: 


B ._gk_ T L _ 263.15 
p Camot “ W in _ T H - T L _ 25 - (- 10) _ J 

8.5 > P(^ arnot => impossible claim 


\ V 25C / 





w 
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5.77 

A heat pump receives energy from a source at 80°C and delivers energy to a 
boiler that operates at 350 kPa. The boiler input is saturated liquid water and the 
exit is saturated vapor both at 350 kPa. The heat pump is driven by a 2.5 MW 
motor and has a COP that is 60% of a Carnot heat pump COP. What is the 
maximum mass flow rate of water the system can deliver? 


t h = T sat = 138.88°C = 412 K, h fg = 2148.1 kJ/kg 

Qh t h 412 
Php Carnot . “ T H - T L “ 138.88 - 80 - 7 

w in 


Php ac - x 7 - 4 - 2 - QH^in 

Q h = 4.2 W in = 4.2 x 2.5 MW = 10.5 MW = m h fg 

m = Q h / hf g = 10 500 kW / 2148.1 kJ/kg = 4.89 kg/s 
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5.78 

In a remote location, you run a heat engine to provide power to run a refrigerator. 
The input to the heat engine is 800 K and the low T is 400 K; it has an actual 
efficiency equal to half of that of the corresponding Carnot unit. The refrigerator 

has T l = -10°C and T H = 35°C, with a cop that is one-third that of the 

corresponding Camot unit. Assume a cooling capacity of 2 kW is needed and find 
the rate of heat input to the heat engine. 


Heat engine: 


^ Camot 


t l 

= 1 -=T- = 1 - 


T 


H 


400 

800 


= 0.5; 



Refrigerator: 


_ T L _ 273- 10 
Pref. Camot “ T H - T L - 35 - (-10) 


5.844; 


Cooling capacity: Q L = 2 kW = (3 re ^ ac W; W = 2 kW/1.95 

• • 

This work must be provided by the heat engine W = r| ac Q H 


Q h = w/ r| ac = 1 .026 kW / 0.25 = 4.1 kW 


= 0.25 


Pref. ac = i' 95 
= 1.026 kW 
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5.79 

A car engine with a thermal efficiency of 33% drives the air-conditioner unit (a 
refrigerator) besides powering the car and other auxiliary equipment. On a hot 

(35°C) summer day the A/C takes outside air in and cools it to 5°C sending it into 
a duct using 2 kW of power input and it is assumed to be half as good as a Carnot 
refrigeration unit. Find the rate of fuel (kW) being burned extra just to drive the 
A/C unit and its COP. Find the flow rate of cold air the A/C unit can provide. 


W extra “ 0 Qh extra 0 Qh extra “ W extra / 'll - 2 kW / 0.33 - 6 kW 





0.5 p 


Carnot 


= 0.5 


t l 

t h- t l 


= 0.5 


5 +273.15 
35-5 


4.636 


Q = p W = 4.636 x 2 kW = 9.272 kW = m air C p . AT air 

j — i Jl air 

9.272 kW 

m air - Q l / [Cp air AT air ] - L004 kJ/kg . K X (35 _ 5) K - 0308 kg/s 
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5.80 

A large heat pump should upgrade 5 MW of heat at 85 °C to be delivered as heat 
at 150°C. Suppose the actual heat pump has a COP of 2.5 how much power is 
required to drive the unit. For the same COP how high a high temperature would a 
Carnot heat pump have assuming the same low T? 


This is an actual COP for the heat pump as 

P HP = COP = Q H /W in = 2.5 => Q L /W in =1.5 


W in = Qi/ 1-5 = 5 / 1.5 = 3.333 MW 
The Carnot heat pump has a COP given by the temperatures as 


T 


H 


Php - Qh / w in - x H - t l “ 2,5 


=> T h = 2.5 Tu - 2.5 T 


H 


L 


T H =yi-T L = | (85 +273.15) = 597 K 
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Finite AT Heat Transfer 
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5.81 

A refrigerator keeping 5°C inside is located in a 30°C room. It must have a high 
temperature AT above room temperature and a low temperature AT below the 
refrigerated space in the cycle to actually transfer the heat. For a AT of 0, 5 and 

10°C respectively calculate the COP assuming a Camot cycle. 


Solution: 

From the definition of COP and assuming Carnot cycle 

Q, T, 


L 


L 


p = ^ = j jrp - when T’s are absolute temperatures 


IN 


H L 



AT 

T 

a h 

T 

L n 

T l 


P 



°C 

K 

°C 

K 


a 

0 

30 

303 

5 

278 

11.1 

b 

5 

35 

308 

0 

273 

7.8 

c 

10 

40 

313 

-5 

268 

5.96 


Notice how the COP drops significantly with the increase in AT. 
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5.82 

The ocean near Havaii has 20°C near the surface and 5°C at some depth. A power 
plant based on this temperature difference is being planned. How large an 
efficiency could it have? If the two heat transfer terms (Q H and Q L ) both require a 

2 degree difference to operate what is the maximum efficiency then? 


Solution: 


T h = 20°C = 293.2 K; 
T - T 


T l = 5°C = 278.2 K 


^TH MAX - T 


H 


293.2 -278.2 
293.2 


= 0.051 


T - T 
1 H' X L' 


^TH mod _ T 


H’ 


291.2 - 280 .2 
291.2 


= 0.038 


This is a very low efficiency so it has to be done on a very large scale to be 
economically feasible and then it will have some environmental impact. 
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5.83 

A house is cooled by a heat pump driven by an electric motor using the inside as 
the low-temperature reservoir. The house gains energy in direct proportion to the 

temperature difference as Q„. un = K(T H - T L ). Determine the minimum electric 
power to drive the heat pump as a function of the two temperatures. 


Solution: 

Refrigerator COP: (3 = Q L /W jn < T L /(T H - T L ) ; 

• • 

Heat gain must be removed: Q L = Q gain = K(T H - T L ) 

Solve for required work and substitute in for [1 

w in = Ql/P 2 K(T h - T l ) x (T h - t l )/t l 
W jn > K(T„ - T l )X 
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5.84 

An air conditioner in a very hot region uses a power input of 2.5 kW to cool a 5°C 
space with the high temperature in the cycle as 40°C. The Q H is pushed to the 

ambient air at 30°C in a heat exchanger where the transfer coefficient is 50 
W/m-K. Find the required minimum heat transfer area. 

Solution: 

W = 2.5 kW = Qh / Php; Php = T h /( T h ' T L ) = 2 40^5° = 8 - 943 


Q h = W x P HP = 2.5 X 8.943 = 22.36 kW = h A AT 



Qh 

h AT 


22.36 x 1Q3 
50 x (40 - 30) 


= 44.72 m 2 
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5.85 

A small house is kept at 20°C inside loses 12 kW to the outside ambient at 0°C. A 
heat pump is used to help heat the house together with possible electric heat. The 
heat pump is driven by a motor of 2.5 kW and it has a COP that is l A of a Carnot 
heat pump unit. Find the actual COP for the heat pump and the amount of electric 
heat that must be used (if any) to maintain the house temperature. 


CV. House 


Energy: 


0 = Q H + W eL - Q l 


OSS 


Definition of COP: 


P’=COP H p = 


Qh 1 t h 


w 


1 293.15 


4 t h - t L 4 20 - 0 


= 3.664 


C.V. Total 


Q h = COP HP W HP = 3.664 x 2.5 kW = 9.16 kW 

W e i. = Qloss - Q h = 12 - 9.16 = 2.84 kW 

Energy: Ql = Qh - W HP = 9.16 - 2.5 = 6.66 kW 

Entropy: 0 = Q L /T L - Qi 0 s S / t l + S gen 

12-6.66 

Sgen = (Qloss - Ql) /Tl = 27 3,15 = 0 ' 0195 kW/K 
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5.86 

Consider a room at 20°C that is cooled by an air conditioner with a COP of 3.2 

using a power input of 2 kW and the outside is at 35°C. What is the constant in 
the heat transfer Eq. 5.14 for the heat transfer from the outside into the room? 


Definition of the coefficient of performance, Eq.5.2 and Eq.5.14 


Ql = PAC W = 3.2 X 2 kW = 6.4 kW = Q leak m = CA AT 

6.4 kW 

CA = Q L / AT = (35 _ 20) K = 0427 kW/K 
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5.87 

A car engine operates with a thermal efficiency of 35%. Assume the air- 
conditioner has a coefficient of performance of p = 3 working as a refrigerator 
cooling the inside using engine shaft work to drive it. How much fuel energy 
should be spend extra to remove 1 kJ from the inside? 

Solution: 


Car engine: 

Air conditioner: 


W — He ng Qfuel 



Ql 

w 


W — heng Qfuel 


Ql 

p 


Qfuel — Ql / ( Hcng 



1 

0.35 X 3 


= 0.952 kJ 


\ T H / FUEL 
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5.88 

Arctic explorers are unsure if they can use a 5-kW motor driven heat pump to stay 
warm. It should keep their shelter at 15°C. The shelter losses energy at a rate of 
0.5 kW per degree difference to the colder ambient. The heat pump has a COP 
that is 50% of a Carnot heat pump. If the ambient temperature can fall to -25°C at 
night, would you recommend this heat pump to the explorers? 

CV Heat pump. 

The heat pump should deliver a rate of heating that equals the heat loss to the 
ambient for steady inside temperature. 


T 

COP = P = Q h /W = 0.5 P Carnot = 2 x T -T = 2 x 15 - (-25) = 

H L 

The heat pump can then provide a heating capacity of 

Q h = p' W = 3.6 x 5 kW = 18 kW 

The heat loss is 

Qleak out = CA AT = 0.5 kW/K x [15 - (-25)] K = 20 kW 
The heat pump is not sufficient to cover the loss and not recommended. 
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5.89 

Using the given heat pump in the previous problem, how warm would it make the 
shelter in the arctic night? 

The high is now an unknown so both the heat loss and the heat pump performance 
depends on that. The energy balance around the shelter then gives 

QH = P'W = Q leakout = CAAT 
Substitute the expression for []' and CA AT to give 

1 

- x — W = 0.5 kW/K x [T h - T L ] 

z a h ' l L 

Multiply with the temperature difference, factor 2 and divide by the work to get 

0.5 x 2 ? 0.2 9 

t h = -fir [Th - TJ 2 = IT [Th - T L 1 2 

Solve this equation like 0.2 x“ - x - T k = 0, with x = T H - T k and T k = 248. 15 K 

x = T h - T l = 37.81 K (negative root discarded) 

T H = x + T L = 37.81 - 25 = 12.8°C 
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5.90 

An air conditioner cools a house at T L = 20°C with a maximum of 1.2 kW power 
input. The house gains 0.6 kW per degree temperature difference to the ambient 
and the refrigeration COP is P = 0.6 Pcarnot- Find the maximum outside 
temperature, T H , for which the air conditioner provides sufficient cooling. 


Solution: 



In this setup the low temperature space is the house and the high 
temperature space is the ambient. The heat pump must remove the gain or 
leak heat transfer to keep it at a constant temperature. 

• • 

Qleak = 0-6 (T amb - Thouse) = Ql which must be removed by the heat pump. 

p = Q L / W = 0.6 p carnot = 0.6 T house / (T amb - T house ) 

• • 

Substitute in for Q L and multiply with (T amb - T bouse )W: 

0.6 (T amb - T house ) 2 = 0.6 T house W 
Since T bouse = 293.15 K and W = 1.2 kW it follows 

(Tamb - T house ) 2 = T house W = 293.15 X 1.2 = 351.78 K 2 

Solving => (T amb - T house ) = 18.76 => T amb = 311.9 K = 38.8 °C 

Comment: We did assume here that P = 0.6 p carnot , the statement 

could also have been understood as P’ = 0.6 P’ camot which would lead to a 
slightly different result. 
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5.91 

A house is cooled by an electric heat pump using the outside as the high- 
temperature reservoir. For several different summer outdoor temperatures, 
estimate the percent savings in electricity if the house is kept at 25°C instead of 
20°C. Assume that the house is gaining energy from the outside directly 
proportional to the temperature difference as in Eq. 5.14. 


Solution: 


Air-conditioner (Refrigerator) 

Qleak x 

(T h - Tl) 

• 

Max Ql 

i 

X 

H 

t l) . 

K(T h - Tl) 

Perf. . -T„-T t - . 

, vv IN - T 

Win 

w IN 


A: T t = 20°C 
l a 

= 293.2 K B 

: T Lb = 25°C = 298.2 K 

t h ,°c 

w :Na /k 

Win b /k 

% saving 

45 

2.132 

1.341 

37.1 % 

40 

1.364 

0.755 

44.6 % 

35 

0.767 

0.335 

56.3 % 



Condenser Fan 


Blower 


Condenser Coil 


Air Inlet Grill 

Air Outlet Grill 


nuer 


Evaporator Coil 


Compressor 
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5.92 

A heat pump has a coefficient of performance that is 50% of the theoretical 
maximum. It maintains a house at 20°C, which leaks energy of 0.6 kW per degree 
temperature difference to the ambient. For a maximum of 1.0 kW power input 
find the minimum outside temperature for which the heat pump is a sufficient heat 
source. 

Solution: 



C.V. House. For constant 20°C the heat pump must provide Qi eak = 0.6 AT 


Qh = Qleak = 0-6 (Th - T L ) = P' W 


C.V. Heat pump. Definition of the coefficient of performance and the fact that 
the maximum is for a Camot heat pump. 


• • 



W q h -q l 


T h 

0-5 P Carnot = 0-5 x „ y 

L H 


Substitute into the first equation to get 

0.6(T h -T l ) = [0.5 xT h /(T h -T l )] 1 => 

(T h - T l ) 2 = (0.5 / 0.6) T H x 1 = 0.5 / 0.6 x 293.15 = 244.29 
T H -T L = 15.63 => T L = 20- 15.63 = 4.4 °C 
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5.93 

The room in problem 5.90 has a combined thermal mass of 2000 kg wood, 250 kg 
steel, and 500 kg drywall (gypsum). Estimate how quickly the room heats up if 

the air conditioner is turned off on a day when it is 35°C outside. 


Without the air-conditioner the house gains heat and the energy equation for the 
house becomes 

dT • 

111 C dt “ Q in 

The gain is due to the temperature difference as 

Q in = 0.6 (T h - T l ) = 0.6 kW/K (35 - 20) K = 9 kW 
The combined (mC) is using an estimate C for gypsum as 1 kJ/kg-K 

mC = [2000 x 1.38 + 250 x 0.46 + 500 xl ] kJ/K = 3375 kJ/K 

1 rp 

= Q in /mC = 9 kW/ 3375 kJ/K = 0.00267 K/s 
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5.94 

A window air conditioner cools a room at T L = 22°C, with a maximum of 1.2 kW 
power input possible. The room gains 0.6 kW per degree temperature difference 
to the ambient, and the refrigeration COP is P = 0.6 P Carnot - Find the actual power 

required on a day when the temperature is 30°C outside. 


COP refrigerator: 
Heat gain: Q L 


Ql _ _ T L _ 273.15 + 22 

P “ W IN _ °' 6 ^Carnot “ °‘ 6 T H - T L _ 30 - 22 


22.1 


0.6 (T h - T l ) = 0.6 kW/K x (30 - 22) K = 4.8 kW 
W = Q L /p = 4.8 kW/22.1 = 0.217 kW 
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5.95 

On a cold (-10°C) winter day a heat pump provides 20 kW to heat a house 
maintained at 20°C and it has a COP^p of 4. How much power does the heat 

pump require? The next day a winter storm brings the outside to -15°C, assuming 
the same COP and the same house heat transfer coefficient for the heat loss to the 
outside air. How much power does the heat pump require then? 

If we look at the heat loss for the house we have 

Qloss = 20 kW = CA AT => CA = 20 2 °( k 10) K = °- 667 kW/K 
So now with the new outdoor temperature we get 

Q loss = CA AT = 0.667 kW/K x [20 - (-15)] K = 23.3 kW 

23.3 kW 

Qloss = Qh = C0P W =* W = Q loss /COP = ^ = 5.83 kW 
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5.96 

In the previous problem, it was assumed that the COP will be the same when the 

outside temperature drops. Given the temperatures and the actual COP at the -10° 

C winter day, give an estimate for a more realistic COP for the outside at -15°C 
case. 


As the outside T drops the temperature in the low temperature heat exchanger 
drops and it will be harder for the heat pump. A reasonable assumption is then 
that the reduced COP will follow the ideal (Carnot cycle) COP. 


T, 


At 

U 

o 

O 

r-H 

1 

II 

B = H = 

PCarnot T R - T L 20 


= -15°C: 

T H 2 

At 

^ Carnot _ T R - T L _ 20 



8.376 



COP = g x 4 = 3.43 


293.15 


293.15 


9.772; COP = 4 
8.376 
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Ideal Gas Carnot Cycles 
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5.97 

Hydrogen gas is used in a Carnot cycle having an efficiency of 60% with a low 
temperature of 300 K. During the heat rejection the pressure changes from 90 kPa 
to 120 kPa. Find the high and low temperature heat transfer and the net cycle 
work per unit mass of hydrogen. 

Solution: 

As the efficiency is known, the high temperature is found as 

r, = 0.6 = 1 = > T h = T l /(I - 0.6) = 750 K 

Now the volume ratio needed for the heat transfer, T 3 = T 4 = T L , is 

v 3 / v 4 = ( RT 3 / P 3 ) / ( RT 4 / P 4 ) = P 4 / P 3 = 120 / 90 = 1.333 

so from Eq.5.9 we have with R = 4.1243 kJ/kg-K from Table A. 5 
qL = RT l In (v 3 /v 4 ) = 355.95 kj/kg 

Using the efficiency from Eq.5.5 then 

q H = q L / (1 - 0.6) = 889.9 kj/kg 

The net work equals the net heat transfer 
w = q H - qj^ = 533.9 kj/kg 
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5.98 

Carbon dioxide is used in an ideal gas refrigeration cycle, reverse of Fig. 5.24. 
Heat absorption is at 250 K and heat rejection is at 325 K where the pressure 
changes from 1200 kPa to 2400 kPa. Find the refrigeration COP and the specific 
heat transfer at the low temperature. 


The analysis is the same as for the heat engine except the signs are opposite so the 
heat transfers move in the opposite direction. 

P = Ql / w = Pcarnot = T L / (T H - T L ) = 325 2 !° 250 = 3.33 

Pi 2400 

q H = RT h ln(v 2 /v 1 ) = RT H In ( jr ) = 0.1889 kJ/kg-K x 325 K ln(y^) 

= 42.55 kJ/kg 

q L = Oh t l / T h = 42.55 kJ/kg x 250 / 325 = 32.73 kJ/kg 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


5.99 

An ideal gas Carnot cycle with air in a piston cylinder has a high temperature of 
1000 K and a heat rejection at 400 K. During the heat addition the volume triples. 
Find the two specific heat transfers (q) in the cycle and the overall cycle 
efficiency. 

Solution: 


The P-v diagram of the cycle is 
shown to the right. 

From the integration along the 
process curves done in the main 
text we have Eq.5.7 

Oh = R t h ln ( v 2 /v l) 

= 0.287 kJ/kg x 1000 ln(3) 

= 315.3 kJ/kg 

Since it is a Carnot cycle the knowledge of the temperatures gives the cycle 
efficiency as 



v 


T 


Jl_ 400 _ 

1 rr 1 - -I AAA 0.6 


■TH A T h a 1000 

from which we can get the other heat transfer from Eq.5.4 

Ql = Qh t l / T h = 315.3 x 400 / 1000 = 126.1 kJ/kg 
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5.100 

Air in a piston/cylinder goes through a Carnot cycle with the P-v diagram shown 
in Fig. 5.24. The high and low temperatures are 600 K and 300 K respectively. 
The heat added at the high temperature is 250 kJ/kg and the lowest pressure in the 
cycle is 75 kPa. Find the specific volume and pressure after heat rejection and the 
net work per unit mass. 

Solution: 

q H = 250 kJ/kg, T h = 600 K, T L = 300 K, P 3 = 75 kPa 

The states as shown in figure 5.24 

1 : 600 K , 2: 600 K, 3: 75 kPa, 300 K 4: 300 K 

Since this is a Carnot cycle and we know the temperatures the efficiency is 



After heat rejection is state 4. From equation 5.9 
3— >4 Eq.5.9 : q L = RT L In (v 3 /v 4 ) 

v 3 = RT 3 / P 3 = 0.287 kJ/kg-K x 300 K / 75 kPa =1.148 m 3 /kg 
v 4 = v 3 exp(-q L /RT L ) = 1.148 m 3 /kg exp(-125/0.287 x 300) 

= 0.2688 m 3 /kg 

P 4 = RT 4 / v 4 = 0.287 kJ/kg-K x 300 K J 0.2688 m 3 /kg = 320 kPa 
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5.101 

A 4L jug of milk at 25 °C is placed in your refrigerator where it is cooled down to 
5°C. The high temperature in the Carnot refrigeration cycle is 45 °C, the low 
temperature is -5°C and the properties of milk are the same as for liquid water. 
Find the amount of energy that must be removed from the milk and the additional 
work needed to drive the refrigerator. 

Solution: 

C.V milk + out to the 5 °C refrigerator space 

Energy Eq.: m(u 2 - u : ) = : Q 2 - ,W 2 

Process : P = constant = 1 atm => jW 2 = Pm (v 2 - vp 

State 1: Table B.1.1, = v f = 0.001003 m 3 /kg, tq = h f = 104.87 kJ/kg 

m 2 = m 1 = Vj/vj = 0.004 / 0.001003 = 3.988 kg 

State 2: Table B.1.1, h 2 = hf = 20.98 kJ/kg 

lQ 2 = m(u 2 - u : ) + jW 2 = m(u 2 - u : ) + Pm (v 2 - vj) = m(h 2 - h 2 ) 

jQ 2 = 3.998 (20.98 - 104.87) = -3.988 x 83.89 = - 334.55 kj 

C.V. Refrigeration cycle T L = -5 °C ; T H = 45 °C, assume Carnot 
Ideal : P = Q L / W = Q L / (Q H - Q L ) = T L / (T H - T L ) 

= 278.15/ [45 -(-5)] =5.563 
W = Q L / p = 334.55 kJ/ 5.563 = 60.14 kj 



Remark: If you calculate the work term [ W 2 you will find that it is very small, 
the volume does not change (liquid). The heat transfer could then have been done 
as m(u 2 - Uj) without any change in the numbers. 
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5.102 

Consider the combination of the two heat engines as in Fig. P5.4. How should the 
intermediate temperature be selected so the two heat engines have the same 
efficiency assuming Carnot cycle heat engines. 


Heat engine 1 : 
Heat engine 2: 


^th l ' 
^th 2 = ' 


t m 

t h 

Ik 

T m 


il 


TH 1 


= p 


TH 2 


■=> 1 


t m t l t m t l 

T ^“ _L rp V rn “ rn 

H a M l M 


* T m = V t l t h 
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5.103 

Consider a combination of a gas turbine power plant and a steam power plant as 
shown in Fig. P5.4. The gas turbine operates at higher temperatures (thus called a 
topping cycle) than the steam power plant (then called a bottom cycle). Assume 
both cycles have a thermal efficiency of 32%. What is the efficiency of the overall 
combination assuming Q L in the gas turbine equals Q H to the steam power plant? 

Let the gas turbine be heat engine number 1 and the steam power plant the heat 
engine number 2. Then the overall efficiency 

hTH = W net / Q h = (Wi + W 2 ) / Q h = h l + W 2 / Q h 

For the second heat engine and the energy Eq. for the first heat engine 

• • • 

W 2 = r l2 Qm = r l2 (1 ~ hi) Q H 


so the final result is 

hTH = hi + r l2 (1 “hi) 

= 0.32 + 0.32(1 -0.32) = 0.538 
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5.104 

We wish to produce refrigeration at -30°C. A reservoir, shown in Fig. P5.104, is 
available at 200°C and the ambient temperature is 30°C. Thus, work can be done 
by a cyclic heat engine operating between the 200°C reservoir and the ambient. 
This work is used to drive the refrigerator. Determine the ratio of the heat 
transferred from the 200°C reservoir to the heat transferred from the -30°C 
reservoir, assuming all processes are reversible. 


Solution: 

Equate the work from the heat engine to the refrigerator. 


T h = 200 C T 0 = 30 C 
XI / \£ / 



W = Qhi 
also 


W = Q 


L2 


f t - T A 
T 

v a h ; 


% - A 

v t l ; 


Qhi j Q L 2 - 


o 

1 

H 

r 


( T ^ 

i H 


( 60 ) 

^473.23 

l T L 2 


T - T 

V H l oj 


1243.2 J 

l 170 J 


= 0.687 
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5.105 


Redo the previous problem, assuming the actual devices both have a performance 
that is 60% of the theoretical maximum. 

For the heat engine this means: 


W = 0.6 Q h1 





J 


For the refrigerator it means: 


W = Q 


_ T A 
A 0 i L 1 


L2 


V 


T 


/0.6 


l ) 


The ratio of the two heat transfers becomes 


Qhi / Q l2 - 


r T - T 3 
A o a l' 




T, 


1 


x 


0.6 


x 


T 


H 




L J 

r 60 V473.23 1 


T - T 
V‘H l o j 


x 


0.6 




243.2) \ 170 ) 0.36 


= 1.91 


As the heat engine delivers less work and the refrigerator requires more work 
energy from the high T source must increase significantly. 
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5.106 

A house should be heated by a heat pump, p' = 2.2, and maintained at 20°C at all 
times. It is estimated that it loses 0.8 kW per degree the ambient is lower than the 

inside. Assume an outside temperature of -10°C and find the needed power to 
drive the heat pump? 

Solution : Ambient T L = -10°C 

Heat pump : p' = Q H /W 

House : Q H = Qleak = 0.8 ( T H " t l) 


W = Q H /p' = Q leak /p' 


= 0.8 ( T h - T l ) / P' 


= 0.8[20 - (-10)] / 2.2 = 10.91 kW 
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5.107 

Give an estimate for the COP in the previous problem and the power needed to 
drive the heat pump when the outside temperature drops to -15°C. 


Solution: 


W 


Minimum power if we 
assume a Carnot cycle 


Ql 


/hp)J — ►- 


□ 


We assume the heat transfer coefficient stays the same 



Qh = Qleak = 25 kW = CA AT = CA [20 -(-10)] O CA = | kW/K 
Qleaknew = CA AT = | [20 - (-15)] = 29.167 kW 






~ T -T 


L 


293.15 

35 


8.3757 => 



29.167 

8.3757 


= 3.48 kW 


Comment. Leak heat transfer increases and COP is lower when T outside drops. 
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5.108 

A farmer runs a heat pump with a motor of 2 kW. It should keep a chicken 

hatchery at 30°C which loses energy at a rate of 0.5 kW per degree difference to 
the colder ambient. The heat pump has a coefficient of performance that is 50% of 
a Camot heat pump. What is the minimum ambient temperature for which the 
heat pump is sufficient? 


Solution: 

C.V. Hatchery, steady state. 

To have steady state at 30°C for the hatchery 


Energy Eq.: Q H = Q Lo ss = P AC W 


Process Eq.: Q Loss - 0.5 (T H T amb ); P AC " 1/2 PcARNOT 

COP for the reference Camot heat pump 


P 


Q 


H 


Qh 


T 


H 


T 


H 


CARNOT' 


T - T T - T 
a H a L a H A amb 


w q h -q l 

Substitute the process equations and this [j CARNO T ' nt0 energy Eq. 

T, 


H 


0.5 kW/K (T„ -T , ) = Vi = W 

v H amb' T u - T , 

H amb 


(T h -T amb ) 2 = 1/2 T h W/ 0.5 kW/K = T h W = (273 + 30) K x 2 K = 606 K 2 
T u - T = 24.62 K 

H amb 

T ,= 30 - 24.62 = 5.38°C 

amb 


Comment: That of course is not a very low temperature and the size of the system 
is not adequate for most locations. 
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5.109 

An air-conditioner with a power input of 1.2 kW is working as a refrigerator (|3 = 
3) or as a heat pump (|3' = 4). It maintains an office at 20°C year round which 
exchanges 0.5 kW per degree temperature difference with the atmosphere. Find 
the maximum and minimum outside temperature for which this unit is sufficient. 


Solution: 

Analyze the unit in heat pump mode 

Replacement heat transfer equals the loss: Q = 0.5 kW/K (T H - T amb ) 

w ^ 0 , kW/K lHA- 

W 

T H " T amb - 4 o.5 “ 9 ' 6 K 

Heat pump mode: Minimum T amb = 20 - 9.6 = 10.4 °C 
The unit as a refrigerator must cool with rate: Q = 0.5 (T amb - T bouse ) 


. Q 


V L 

W = “Error! Bookmark not defined. = 0.5 kW/K (T amb 


T house) / 3 


To mh " Tl 


= 3 


W 


= 7.2 K 


amb 1 house “ ^ 0 5 
Refrigerator mode: Maximum T am b = 20 + 7.2 = 27.2 °C 
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5.110 

An air-conditioner on a hot summer day removes 8 kW of energy from a house at 

21°C and pushes energy to the outside which is at at 31°C. The house has 15 000 
kg mass with an average specific heat of 0.95 kJ/kgK. In order to do this the cold 

side of the air-conditioner is at 5°C and the hot side is at 40°C. The air- 
conditioner (refrigerator) has a COP that is 60% of a corresponding Carnot 
refrigerator. Find the actual COP of the air-conditioner and the power required to 
run it. 

A steady state refrigerator definition of COP 


Carnot: 


COP - Prep - Ql / w - Ql / (Q H - Ql) - 0- 6 Pcarnot 


_ t l 5 +273.15 
PCarnot- T H - T L “ 40-5 


7.95 


Pref — 0*6 x 7.95 — 4.77 


=> W = Q l / P ref = 8 kW/ 4.77 = 1.68 kW 



Any heat transfer must go from a higher to a lower T domain. 
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5.111 

The air-conditioner in the previous problem is turned off. How quickly does the 
house heat up in degrees per second (°C/s)? 

Once the A/C unit is turned off we do not cool the house so heat leaks in from the 
atm. at a rate of 8 kW (that is what we had to remove to keep steady state). 

dT 

Energy Eq.: E cv = Q leak = 8 kW = m house C P 


dT _ 
dt ~~ 


Qleak / m house ^'P 


8 kW 

~ 15 000 X 0.95 kJ/K 


0.56 x 10- 3 K/s 
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5.112 

Air in a rigid 1 m 3 box is at 300 K, 200 kPa. It is heated to 600 K by heat transfer 
from a reversible heat pump that receives energy from the ambient at 300 K 
besides the work input. Use constant specific heat at 300 K. Since the coefficient 
of performance changes write dQ = m. u| . C v dT and find dW. Integrate dW with 

temperature to find the required heat pump work. 

Solution: 


COP: 


(3' = Qh Qh 


T 


H 


W Qh-Ql“T h -T l 
m air = p l v l / RTj = 200 X 1 / 0.287 x 300 = 2.322 kg 


dQ H = m air C v dT H = p'dW = 


T 


H 


t h -t l 


dW 


T 


H 


=> dW = m air C v [ T _ T ] dT H 

H L 


iW 2 = J 


Tp f T l 

m air C v ( 1 - 'j” ) dT = m air C v J ( 1 -^r)dT 

To 


= m air C v [T 2 -Ti-T L ln^J 


600 

= 2.322 kg x 0.717 kJ/kg-K [ 600 - 300 - 300 In ^ ] K = 153.1 kj 
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5.113 

A Carnot heat engine, shown in Fig. P5. 1 13, receives energy from a reservoir at 
T res through a heat exchanger where the heat transferred is proportional to the 


temperature difference as Q H = K(T - T H ). It rejects heat at a given low 
temperature T L . To design the heat engine for maximum work output show that 
the high temperature, T H , in the cycle should be selected as T H = f 

Solution: 


W = 


^TH^H 

sw 

5T h 


T - T 

= “ X K ( T res - t h ) ’ maximize W(T R ) 

H 

= K (Te s - T H) T L T H 2 - K (l-V T H) = 0 


5W 

5T h 


= 0 


=> T = a/T T, 

H v res L 
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5.114 

A combination of a heat engine driving a heat pump (see Fig. P5.1 14) takes waste 
energy at 50°C as a source Q wl to the heat engine rejecting heat at 30°C. The 

remainder Q w2 goes into the heat pump that delivers a Q H at 150°C. If the total 
waste energy is 5 MW find the rate of energy delivered at the high temperature. 
Solution: 


Waste supply: Q wl + Q w2 = 5 MW 

Heat Engine: 

W= r| Qwi = ( 1 - T L1 /T H1 ) Qwl 
Heat pump: 

w= Q h / Php = Qw 2 / P 

= Qw2 / [T H 1 / (T H - T H 1 )] 



Equate the two work terms: 


( 1 - T U / T H1 ) Q wl - Q W 2 x (T h - T H1 ) / T H1 


Substitute Q w] = 5 MW - Q w2 


(1 - 303.15/323.15X5 - Q w2 ) = Qw2 x ( 15 ° - 5 °) 1 323.15 


20 ( 5 - Q w2 ) - Q w2 x 100 


=> Qw2 =0.8333 MW 


Q wl = 5 - 0.8333 = 4.1667 MW 

W = r| Q wl = 0.06189 x 4.1667 = 0.258 MW 

Qh = Qw2 + W = 1.09 MW 

(For the heat pump p' = 423.15 / 100 = 4.23) 
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5.115 

A furnace, shown in Fig. P5.115, can deliver heat, Q m at T m and it is proposed to 
use this to drive a heat engine with a rejection at T atm instead of direct room 
heating. The heat engine drives a heat pump that delivers Q H2 at 7j. ooni using the 
atmosphere as the cold reservoir. Find the ratio Qm/Qm as a function of the 
temperatures. Is this a better set-up than direct room heating from the furnace? 

Solution: 

C.V.: Heat Eng.: W H£ = pQ H| where r} = \ - T atm /T m 

C.V.: Heat Pump: W Hp = Q H2 /P' where 0' = - T &tm ) 

Work from heat engine goes into heat pump so we have 

^H2 = P" ^HP = ^ ^H1 

• • 

and we may substitute T’s for (3', r\. If furnace is used directly Q H0 = Q m , so if p'r| 
> 1 this proposed setup is better. Is it? For T H1 > T atm formula shows that it is 
good for Carnot cycles. In actual devices it depends whether p'r| > 1 is obtained. 
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5.116 

Consider the rock bed thermal storage in Problem 5.60. Use the specific heat so 
you can write dQ H in terms of dT rock and find the expression for dW out of the 

heat engine. Integrate this expression over temperature and find the total heat 
engine work output. 

Solution: 

The rock provides the heat Q H 

dQ|_[ = — dU rock = — mC dT rock 

T 

dW = p dQ = - ( 1 - ^r- 2 -) mC dT rock 

1 rock 

m = pV = 2750 kg/m 3 x 2 m 3 = 5500 kg 

f T 0 T 2 

lW 2 = J -(l-~ ) mC dT rock = - mC [T 2 - Tj - T 0 In ] 

1 rock 1 1 

290 

= - 5500 kg x 0.89 kJ/kg-K [ 290 - 400 - 290 In ^ ] K 

= 81 945 kj 
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5.117 

Consider a Carnot cycle heat engine operating in outer space. Heat can be rejected 
from this engine only by thermal radiation, which is proportional to the radiator 


area and the fourth power of absolute temperature, <2 rad ~ KAT 4 . Show that for a 
given engine work output and given T H , the radiator area will be minimum when 
the ratio T L /T H = 3/4. 


Solution: 

W 

vv NET 


= Qh 


At _ TA 


V 


T 


H 


= Q 


At _ T A 


L 


V 


T 


4 


l j 


also Q l = KAT l 


W AT 4 (T 
vv NET 1 


KT 


4 


T 


4 


H 


\ 


H A H 
Differentiating, 


T 

V A L 


- 1 


= A 


J 


At A 

__L 

T 

lv a h; 


3 


(T A4 


L 


T 

v a h; 


= const 


(T ^ 

dA A 

Ah; 


dA 

d(T L / T H ) 


3 


(T 34 


L 


T 

v a h; j 


+ A 


3 


( T 32 


T 

L V x h; 


-4 


3EC 3 ' 

V T W J 


At ^ 

_L_ 

T 

vw 


= 0 


= - A 


3 


[T \2 

_L 
T 

h; 


-4 


0^ 

v t h/ j 


/[[ 


A 


T 


3 


fj 34 


W 


L 

T 

v a 




= 0 


T 


T 


L 3 

H = 4 


for min. A 


Check that it is minimum and 
not maximum with the 2 nd 
derivative > 0. 
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5.118 

A Carnot heat engine operating between a high T H and low T L energy reservoirs 

has an efficiency given by the temperatures. Compare this to two combined heat 
engines one operating between T H and an intermediate temperature T M giving out 

work W A and the other operating between T M and T L giving out W B . The 
combination must have the same efficiency as the single heat engine so the heat 
transfer ratio Q H /Q L = v|/(T H ,T L ) = [Q H /Q M ] [Qm/QlI- The last two heat transfer 

ratios can be expressed by the same function v| /() involving also the temperature 
T m . Use this to show a condition the function \|/() must satisfy. 

The overall heat engine is a Carnot heat engine so 

Qh/Ql = t^ = VCTh’Tl) 

The individual heat engines 

Qh / Qm = ¥(Th’ T m) an( l Qm / Ql = v( t m> t l) 

Since an identity is 

Qh / Ql = [Qh ! Qm] [Qm I Ql] = vCTh’Tl) 

it follows that we have 

VCTh'Tl) = ¥(T H ^ m ) x VCTm’Tl) 

Notice here that the product of the two functions must cancel the intermediate 
temperature T^, this shows a condition the function \ /() must satisfy. The Kelvin 

and Rankine temperature scales are determined by the choice of the function 

vCTh'Tl) = T h / T l = Q h / Ql 


satisfying the above restriction. 
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5.119 

On a cold (-10°C) winter day a heat pump provides 20 kW to heat a house 
maintained at 20°C and it has a COP HP of 4 using the maximum power available. 

The next day a winter storm brings the outside to -15°C, assuming that the 
COP HP changes by the same percentage as a Camot unit and that the house loses 

heat to the outside air. How cold is the house then? 


If we look at the heat loss for the house we have 
Q, = 20 kW = CA AT 

^loss 


20 kW 

CA = ^ , 77^ = 0.667 kW/K 


20 - (-10) K 

Qloss = Qh = C0P W =* W = Qloss /COP = ^F= 5kW 


• • 


At = -10°C: 


P' 


T 


H 


293.15 


Carnot 1 T„ - T. . 20 -(-10) 


= 9.772 


H LI 

With a changed COP we get 

COP HP = 4 P Camot 2 /p Camot 2 = (4/9.772) P Carnot 2 


At the new unknown temperature of the house, T H , we have 

T 

P Carnot 2 = T - T ’ ^loss = ^ _ T L2) 

H L2 

• • 

The energy equation for the house becomes Q loss = Q H and substitution gives 

T 

0.667 kW/K (T h - T L2 ) = COP HP W = (4/9.772) _ H 5 kW 

L H l L2 

x2 4 X 5 kW 

or (T h -T L 2 ) - 9.772 x 0.667 kW/K Th _ 3.07 K x t H 

Solve with x = T H - T L2 , x 2 - 3.07 x - 3.07(273.15 - 15) = 0, 
x = 3.07/2 + [ (3.07/2) 2 + 792.52 ] 1/2 = 29.729 

T h = x + T L2 = 29.729 - 15 = 14.7°C 
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5.120 

A 10-m 3 tank of air at 500 kPa, 600 K acts as the high-temperature reservoir for a 
Carnot heat engine that rejects heat at 300 K. A temperature difference of 25°C 
between the air tank and the Camot cycle high temperature is needed to transfer 
the heat. The heat engine runs until the air temperature has dropped to 400 K and 
then stops. Assume constant specific heat capacities for air and find how much 
work is given out by the heat engine. 


Solution: 


( A1R ) 

Iqh 

W 

(he)p!> 


T H = T air- 25 ° C ’ t l = 300 K 



p l v 500 x 10 


m ■ 


an’ RT : 0.287 x 600 


= 29.04 kg 


r 


dW = r|dQ H = 


1 - 


Tl > 


V 


Tair " 25y 


dQ 


H 


d Q H = - m air du = - m air C v dT air 


W = /dW = -m air C v 


r 


T 


i - 


L 


T a -25 


dT. 


= ~ m air C v 


T „ - T , -T t In 


a 

Ta2 - 25‘ 


a2 at L T al - 25 


= -29.04 kg x 0.717 kJ/kg-K x 

= 1494.3 kj 


400 - 600 - 300 In 


375' 

575 


K 
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Heat Engines and Refrigerators 
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5.121 

A window mounted air-conditioner removes 3.5 Btu from the inside of a home 
using 1.75 Btu work input. How much energy is released outside and what is its 
coefficient of performance? 

C.V. Refrigerator. The energy Q H goes into the kitchen air. 

Energy Eq.: Q H = W + Q L = 1.75 + 3.5 = 5.25 btu 

COP: p =^ = 3.5/ 1.75 = 2 


\ T amb / 



/ \ 
1 L 
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5.122 

A lawnmower tractor engine produces 18 hp using 40 Btu/s of heat transfer from 
burning fuel. Find the thermal efficiency and the rate of heat transfer rejected to 
the ambient? 


Conversion Table A.l: 18hp = 18x (2544.4/3600) Btu/s = 12.722 Btu/s 


Efficiency: 


, A 12.722 

Pth - W 0Ut /Q H - 4Q 


0.318 
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5.123 

Calculate the thermal efficiency of the steam power plant cycle described in 
Problem 4.198. 

Solution: 

From solution to problems 4.198, 199 

w NE t = 33 000 - 400 = 32 600 h P = 83 xl0? Btu/h 

• • • 

QfFtot _ ^econ + Qgen 

= 4.75 xlO 7 + 2.291 xlO 8 = 2.766 xlO 8 Btu/h; 

W 8.3 xlO 7 
11 “ Q h _ 2.766 xl0 8_ 0,30 
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5.124 

A large coal fired power plant has an efficiency of 45% and produces net 1500 
MW of electricity. Coal releases 12 500 Btu/lbm as it burns so how much coal is 
used per hour? 

From the definition of the thermal efficiency and the energy release by the 
combustion called heating value HV we get 

W = r) Q h = rp m-HV 

then 

• W 1500 MW _ 1500 x (1000/1.055) Btu/s 

m “ r| x HV “ 0.45 x 12 500 btu/lbm “ 0.45 x 12 500 Btu/lbm 
= 252.765 lbm/s = 909 950 lbm/h 
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5.125 

An industrial machine is being cooled by 0.8 lbm/s water at 60 F which is chilled 
from 95 F by a refrigeration unit with a COP of 3. Find the rate of cooling 
required and the power input to the unit. 


Energy equation for heat exchanger 

Ql = m(h| - h 2 ) = m C P (Tj - T 2 ) 

= 0.8 lbm/s x 1 Btu/lbm-R x (95 - 60) R 
= 28 Btu/s 

P = COP = q l /w ■=> 



w = Q l / P = 28 / 3 = 9.33 Btu/s 

Comment: An outside cooling tower is often used for this, see Chapter 11. 
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5.126 

A water cooler for drinking water should cool 10 gal/h water from 65 F to 50 F 
using a small refrigeration unit with a COP of 2.5. Find the rate of cooling 
required and the power input to the unit. 


The mass flow rate is 


. _ • 10 x 231 /12 3 1 

m “ pV “ 0.01603 3600 


lbm/s = 0.0232 lbm/s 


Energy equation for heat exchanger 

Q l = m(h, - h 2 ) = m C P (Tj - T 2 ) 



= 0.0232 x 1.0 x (65 - 50) = 0.348 Btu/s 
p = COP =Q l /W => W = Q L /p = 0.348 (Btu/s) / 2.5 = 0.139 Btu/s 
Comment: The unit does not operate continuously. 
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5.127 

A window air-conditioner unit is placed on a laboratory bench and tested in 
cooling mode using 0.75 Btu/s of electric power with a COP of 1.75. What is the 
cooling power capacity and what is the net effect on the laboratory? 

Definition of COP: p = Ql / W 

Cooling capacity: Ql = P W = 1.75 x 0.75 = 1.313 Btu/s 

• • 

For steady state operation the Q L comes from the laboratory and Q H goes to the 

• • • 

laboratory giving a net to the lab of W = Q H - Q L = 0.75 Btu/s, that is heating it. 



Condenser Fan 

Blower 


Condenser Coil 


Controls 

Air Inlet Grill 

Air Outlet Grill 


Filter 

Evaporator Coil 


Compressor 
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5.128 


A farmer runs a heat pump with a 2 kW motor. It should keep a chicken hatchery 
at 90 F, which loses energy at a rate of 10 Btu/s to the colder ambient T amb . What 

is the minimum coefficient of performance that will be acceptable for the heat 
pump? 

Power input: W = 2 kW = 2 x 2544.4 / 3600 = 1.414 Btu/s 

• • 

Energy Eq. for hatchery: Q H = Qlo SS = 10 Btu/s 


Definition of COP: 


p = COP = 


Qh_ 10 

W - 1.414 


7.07 
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5.129 

R-410A enters the evaporator (the cold heat exchanger) in an A/C unit at 0 F, x = 
28% and leaves at 0 F, x = 1. The COP of the refrigerator is 1.5 and the mass flow 
rate is 0.006 lbm/s. Find the net work input to the cycle. 


Energy equation for heat exchanger 

Ql = m(h 2 - hj) = m[h g - (h f + x : h fg )] 

= m[h fg - x : h fg ] = m (1 - Xf)h fg 

= 0.006 lbm/s x 0.72 x 103.76 Btu/lbm = 0.448 Btu/s 
p = COP = Q l /W => W = Q L /p = 0.448 / 1.5 = 0.3 Btu/s 
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5.130 

A large stationary diesel engine produces 2 000 hp with a thermal efficiency of 
40%. The exhaust gas, which we assume is air, flows out at 1400 R and the intake 
is 520 R. How large a mass flow rate is that if that accounts for half the Ql? Can 

the exhaust flow energy be used? 


Power 2 000 hp = 2 000 x 2544.4 / 3600 = 1413.6 Btu/s 

14 136 

Heat engine: Q H = W out /r| TH = q ^ = 3534 Btu/s 


Energy equation: Ql = Qh - W out = 3534 - 1413.6 = 2120.4 Btu/s 


Exhaust flow: ^Q L = m air (h 1400 - h 520 ) 


1 


Ql 


1 2120.4 


mair “ 2 Iq 400 - h 520 “ 2 343.02 - 124.38 


= 4.85 lbm/s 


The flow of hot gases can be used to heat a building or it can be used to 
heat water in a steam power plant since it operates at lower temperatures. 
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5.131 

Calculate the amount of work input a refrigerator needs to make ice cubes out of a 
tray of 0.5 lbm liquid water at 50 F. Assume the refrigerator has [1 = 3.5 and a 
motor-compressor of 750 W. How much time does it take if this is the only 
cooling load? 

Solution: 

C.V. Water in tray. We neglect tray mass. 

Energy Eq.: m(u 2 - Uj) = ^2 - jW 2 

Process : P = constant = P 0 

1 W 2 = }PdV = P 0 m(v 2 -v 1 ) 


1Q2 = m(u 2 - u : ) + : W 2 = m(h 2 - hj) 

Tbl. F.7.1 : h, = 18.05 Btu/lbm, Tbl. F.7.4 : h 2 = - 143.34 Btu/lbm 

jQ 2 = 0.5(-143.34 - 18.05 ) = - 80.695 Btu 


Consider now refrigerator 

P = q l /w 

w = Q L /p = - jQ 2 / P = 80.695/3.5 = 23.06 Btu 


For the motor to transfer that amount of energy the time is found as 

W = J W dt = W At 

At = W/W = (23.06 x 1055)/750 = 32.4 s 



Comment: We neglected a baseload of 
the refrigerator so not all the 750 W are 
available to make ice, also our 
coefficient of performance is very 
optimistic and finally the heat transfer 
is a transient process. All this means 
that it will take much more time to 
make ice-cubes. 
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Carnot Cycles and Absolute T 
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7.132 

Calculate the thermal efficiency of a Carnot-cycle heat engine operating between 
reservoirs at 920 F and 1 10 F. Compare the result with that of Problem 5.123. 


Solution: 


T h = 920F, T l =110F 


^Carnot “ 1 


110 + 459.67 _ 

T h - 1 " 920 + 459.67 " 0,587 


(about twice 5.123: 0.3) 
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5.133 

A steam power plant has 1200 F in the boiler, 630 Btu/s work out of turbine, 900 
Btu/s is taken out at 100 F in the condenser and the pump work is 30 Btu/s. Find 
the plant thermal efficiency. Assume the same pump work and heat transfer to the 
boiler, how much is the turbine power if the plant is running in a Camot cycle? 


Solution: 



CV. Total plant: 
Energy Eq.: 


Qh + W P,in = W T + Ql 


Q h = 630 + 900 - 30 = 1500 Btu/s 


W T - W D . 
T P,in 


^TH " Q 


Error! Bookmark 


H 


600 

not defined. = y^oo = 


^camot - ^ne/ Qh - 1 


, 100 + 459.67 „ 

T L /T h - 1 - 1200 + 459.67 - °' 663 


W T - W p in = ri carnot Q H = 0.663 x 1500 Btu/s = 995 Btu/s 

=> W T = 995 + 30 = 1025 — 

T s 
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5.134 

A large heat pump should upgrade 4000 Btu/s of heat at 175 F to be delivered as 
heat at 280 F. What is the minimum amount of work (power) input that will drive 
this? 


For the minimum work we assume a Carnot heat pump and Q L = 4000 Btu/s. 

Qh t h 459.7 + 280 
^ HP “ w in “ t H - t L “ 280- 175 _7 ' 04 

Ql 

Pref - Php - 1 - w. - 6 - 04 

w in 

Now we can solve for the work 


W in = Ql/Pref = 4000/6.04 = 662 Btu/s 


This is a domestic or 
small office building 
size A/C unit, much 
smaller than the 4000 
Btu/s in this problem. 
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5.135 

A car engine burns 10 lbm of fuel (equivalent to addition of Q H ) at 2600 R and 
rejects energy to the radiator and the exhaust at an average temperature of 1300 R. 
If the fuel provides 17 200 Btu/lbm what is the maximum amount of work the 
engine can provide? 

Solution: 

A heat engine Q H = m q fuel = 10 x 17200 = 170 200 Btu 
Assume a Carnot efficiency (maximum theoretical work) 

, T L , 1300 „ r 

11 _ 1 ~ T h “ 1 ~ 2600 _ °' 5 

W = q Q H = 0.5 x 170 200 = 85 100 Btu 




Fuel line 
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5.136 

Consider the combination of a heat engine and a heat pump as given in problem 
5.41 with a low temperature of 720 R. What should the high temperature be so the 
heat engine is reversible? For that temperature what is the COP for a reversible 
heat pump? 


For all three cases of the heat engine the ratio between the heat transfers and the 
work term is the same as: 

Qh : Ql : W = 6:4:2 = 3:2:1 


For a reversible heat engine we must have the heat transfer ratio equal to the 
temperature ratio so 


Qh _ Jh _3_ T h 
Q l _ T l “ 2 - 720 R -> 


T h = (3/2) 720 R = 1080 R 


The COP is 


COP HP = Q h / w = y = 3 



T h 

t h -t l 


1080 

1080 - 720 } 


\ T H i / \ T H2 / 
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5.137 

An air-conditioner provides 1 lbm/s of air at 60 F cooled from outside 
atmospheric air at 95 F. Estimate the amount of power needed to operate the air- 
conditioner. Clearly state all assumptions made. 


Solution: 

Consider the cooling of air which needs a heat transfer as 

Qair = m Ah = m C p AT = 1 lbm/s x 0.24 Btu/lbm-R x (95 - 60) R 
= 8.4 Btu/s 

Assume Carnot cycle refrigerator 


Ql , 


T 


L 


P - w - Ql / (Qh Ql ) - - t l - 


60 + 459.67 
95-60 


= 14.8 


8.4 


W = Q L / P = = 0.57 Btu/s 


This estimate is the theoretical maximum 
performance. To do the required heat 
transfer T L = 40 F and T H = 1 10 F are 
more likely; secondly 

P < Pcarnot 
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5.138 

We propose to heat a house in the winter with a heat pump. The house is to be 
maintained at 68 F at all times. When the ambient temperature outside drops to 15 
F, the rate at which heat is lost from the house is estimated to be 80 000 Btu/h. 
What is the minimum electrical power required to drive the heat pump? 


Solution: 

Minimum power if we 
assume a Carnot cycle 
Q h = Qleak = $0 000 Btu/h 



P ' " W IN 
»W IN = 


T h 527.7 

9 957 

~~ T h - T l ” 68 - 15 ” 7 

80 000 / 9.957 = 8035 Btu/h = 2.355 kW 
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5.139 

Consi der the setup wi th two stacked (temperature wi se) heat engi nes as i n Fi g. 
P5.4. Let Th = 1 500 R, T M = 1 000 R and T|_ = 650 R. Fi nd the two heat engi ne 

effici end es and the combi ned overal I effici ency assumi ng Carnot cycl es. 


The individual efficiencies 


T 


M 


hi - 1 T H _ 1 


T 


L 


h2 = 1 ~ = 1 ~ 


1000 

1500 


650 


T M “ ' 1000 


= 0.333 


= 0.35 


The overall efficiency 

i1th = W net / Qh = (Wi +W 2 )/ Qh = t 1i + W 2 / Qh 


For the second heat engine and the energy Eq. for the first heat engine 

W 2 = h2 Qm = h2 (1 - hi) Q H 


so the final result is 

h TH = hi + h 2 (1 - hi) = 0.333 + 0.35 (1 - 0.333) = 0.566 


Comment: It matches a single heat engine q TH 


Ik 

t h “ 


650 
1500 - 


0.567 
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5.140 

A thermal storage is made with a rock (granite) bed of 70 ft 3 which is heated to 
720 R using solar energy. A heat engine receives a Q H from the bed and rejects 
heat to the ambient at 520 R. The rock bed therefore cools down and as it reaches 
520 R the process stops. Find the energy the rock bed can give out. What is the 
heat engine efficiency at the beginning of the process and what is it at the end of 
the process? 

Solution: 

Assume the whole setup is reversible and that the heat engine operates in a 
Carnot cycle. The total change in the energy of the rock bed is 

u 2 - Ul = q = C AT = 0.21 Btu/lbm-R (720 - 520) R = 42 Btu/lbm 

m = pV = 172 lbm/ft 3 x 70 ft 3 = 12040 lbm; 

Q = mq = 12040 lbm x 42 Btu/lbm = 505 680 Btu 

To get the efficiency assume a Carnot cycle device 

q = 1 - T 0 / T H = 1 - 520/720 = 0.28 at the beginning of process 
q = 1 - T 0 / T H = 1 - 520/520 = 0 at the end of process 

A 


Ql 
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5.141 

A heat engine has a solar collector receiving 600 Btu/h per square foot inside 
which a transfer media is heated to 800 R. The collected energy powers a heat 
engine which rejects heat at 100 F. If the heat engine should deliver 8500 Btu/h 
what is the minimum size (area) solar collector? 


Solution: 


T h = 800 R T L = 100 + 459.67 = 560 R 
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5.142 

Six-hundred pound-mass per hour of water runs through a heat exchanger, 
entering as saturated liquid at 250 F and leaving as saturated vapor. The heat is 
supplied by a Carnot heat pump operating from a low-temperature reservoir at 60 
F with a COP of half of the similar camot unit. Find the rate of work into the heat 
pump. 


Solution: 


C.V. Heat exchanger 

• • • • • 

m i = m 2 ; m j h | + Q h = m j fi 2 


Table F.7.1: hj = 218.58 Btu/lbm 
h 2 = 1164.19 Btu/lbm 



^h = 3600 (U64 - 19 ' 218 - 58)= 157 ' 6 Btu/s 
For the Carnot heat pump, T R = 250 F = 710 R. 

Tj, 710 

P = Q h /W = _ T[ = 7^ = 3.737 

p ac = 3.737/2= 1.87 
W = Q H /p ac = 157.6/1.87 = 84.3 Btu/s 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 




Borgnakke and Sonntag 


5.143 

A power plant with a thermal efficiency of 40% is located on a river similar to 

Fig. P5.61. With a total river mass flow rate of 2 x 10 5 lbm/s at 60 F find the 
maximum power production allowed if the river water should not be heated more 
than 2 F. 

The maximum heating allowed determines the maximum Q L as 

Ql = m H2 Q Ah = m H2 o C p LIQ H 2 0 AT H 2 0 

= 2 x 10 5 lbm/s x 1.0 Btu/lbm-R x2R = 4x 10 5 Btu/s 

= A/ NET' I/i 1'| h ac “ Q 


W NET ““ Ql / ( l /r l T H ac 


1) = Ql 


^THac 
1 " hxH ac 


= 4 x 


10 5 Btu/s x 


0.4 

1 - 0.4 “ 


2.67 x 10 5 Btu/s 
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5.144 

A nuclear reactor provides a flow of liquid sodium at 1500 F, which is used as the 
energy source in a steam power plant. The condenser cooling water comes from a 
cooling tower at 60 F. Determine the maximum thermal efficiency of the power 
plant. Is it misleading to use the temperatures given to calculate this value? 


Solution: 


1 5 OS) 



E NE R 
T OH 2 P 


G Y 

ENE R 
FROM 


S TEA 
P OWE 
PLANT 


6 CF 



L I 


COO L 1 
T OWE 


T h = 1500 F= 1960 R, T L = 60F = 520R 


^ TH MAX ““ 


T - T 


T 


H 


1960 - 520 „ „ 
19860 “ 0,735 


It might be misleading to use 1500 F as the value for T H , since there is not 

a supply of energy available at a constant temperature of 1500 F (liquid Na is 
cooled to a lower temperature in the heat exchanger). 

=> The Na cannot be used to boil F^O at 1500 F. 

Similarly, the F^O leaves the cooling tower and enters the condenser at 60 
F, and leaves the condenser at some higher temperature. 

=> The water does not provide for condensing steam at a constant temperature of 
60 F. 
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5.145 

An inventor has developed a refrigeration unit that maintains the cold space at 14 
F, while operating in a 77 F room. A coefficient of performance of 8.5 is claimed. 
How do you evaluate this? 


Solution: 

Assume Carnot cycle then 


_ Ql _ T L _ 14 + 459.67 
^Carnot “ W- ~ T u -T t - 77-14 

in n L 

8.5 > pQ irnol => impossible claim 


\ T H= 77F / 


Dq» 



w 
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Finite AT Heat Transfer 
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5.146 

A car engine operates with a thermal efficiency of 35%. Assume the air- 
conditioner has a coefficient of performance that is one third of the theoretical 
maximum and it is mechanically pulled by the engine. How much fuel energy 
should you spend extra to remove 1 Btu at 60 F when the ambient is at 95 F? 

Solution: 

Air conditioner 

Ql t l 60 + 459.67 
P - W “ T H - T L “ 95 - 60 _14 - 8 

P actual = P / 3 = 4.93 
W = Q L / p = 1 / 4.93 = 0.203 Btu 
Work from engine 

W = Peng Qfuel = °- 203 Btu 

0.203 

Qfuel — W / Peng — 0 35 _ Btu 


\ t h / fuel 
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5.147 

I n a remote I ocati on you run a heat engi ne to provi de the power to run a 
ref ri gerator. The i nput to the heat engi ne i s at 1 450 R and the I ow T i s 700 R, i t 
has an actu^ efficiency equal to Vi? of the correspondi ng Carnot unit. The 
refrigerator hasaT L = 15 FandT H = 95 FwithaCOP that is 1/3 of the 

corresponding Carnot unit. Assume a cooling capacity of 7000 Btu/h is needed 
and f i nd the rate of heat i nput to the heat engi ne. 


L 700 

Heat engine: h C amot = 1 ~ tI = 1 ~ 1450 = °' 517; ^ac = °' 259 

H 

T L 459.7 + 15 

Refrigerator: P ref Camot = ^ = 95 _ |5 = 5.934; P ref ac = 1.978 

Cooling capacity: Q L = 7000 Btu/h = p re ^ ac W; 

W = 7000 Btu/h /1 .978 = 3538.9 Btu/h 

• • 

This work must be provided by the heat engine W = r| ac Q H 

Q h = W / r| ac = 3538.9 (Btu/h) / 0.259 = 13 664 Btu/h 

= 3.796 Btu/s 
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5.148 

A heat pump cools a house at 70 F with a maximum of 4000 Btu/h power input. 
The house gains 2000 Btu/h per degree temperature difference to the ambient and 
the heat pump coefficient of performance is 60% of the theoretical maximum. 
Find the maximum outside temperature for which the heat pump provides 
sufficient cooling. 

Solution: 



In this setup the low temperature space is the house and the high 
temperature space is the ambient. The heat pump must remove the gain or 
leak heat transfer to keep it at a constant temperature. 

Qleak = 2000 ( T amb ' T house) = Ql 
which must be removed by the heat pump. 

p- = Q H / W = 1 + Q L / W = 0.6 P’ camot = 0.6 T amb / (T amb - T house ) 
Substitute in for Q L and multiply with (T amb - T house ): 

( T amb ' T house ) + 200 0 ( T amb ‘ T house ) 2 / W = 0.6 T amb 
Since T house = 529.7 R and W = 4000 Btu/h it follows 

T Lb - W 58 - 6 T amb + 279522.7 = 0 
Solving => T amb = 554.5 R = 94.8 F 

Comment: We did assume here that p’ = 0.6 P’carnot > the statement 

could also have been understood as P = 0.6 P carnot which would lead to a 
slightly different result. 
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5.149 

A smal I house i s kept at 77 F i nsi de I ooses 1 2 Btu/s to the outsi de ambi ent at 32 
F. A heat pump i s used to hel p heat the house together wi th possi ble electric heat. 
The heat pump is driven by a motor of 2.5 kW and it has a COP that is Vi of a 
Carnot heat pump unit. Fi nd the actu^ COP for the heat pump and the amount of 
electric heat that must be used (if any) to mai ntai n the house temperature. 

CV. House Energy: 0 = Qh + W e | - Q|_ oss 

■ 

°H 1 T h 1 536.7 

Definition of COP: P’=COP HP = yv =4T^T L =477^32 = 2-982 

Q h = COP H p W H p = 2.982 X (2.5/1 .055) Btu/s = 7.066 Btu/s 
W e | . = Q Lo ss - Qh = 1 2 - 7.066 = 4.934 Btu/s 
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5.150 

A house is cooled by an electric heat pump using the outside as the high- 
temperature reservoir. For several different summer outdoor temperatures estimate 
the percent savings in electricity if the house is kept at 77 F instead of 68 F. 
Assume that the house is gaining energy from the outside directly proportional to 
the temperature difference. 


Solution: 


Air-conditioner (Refrigerator) Q LEAK oc ( T H - t l) 

Max Q L T l K(T h - TJ . K(T H - T L ) 2 

Perf. W. _ T H - T t _ W. ’ W in “ T r 
m n l m l . 

A: T La = 68 F = 527.7 R B: T Lb = 77 F = 536.7 R 


T F 
a H’ r 

Win a /k 

Win b /k 

% saving 

115 

4.186 

2.691 

35.7 % 

105 

2.594 

1.461 

43.7 % 

95 

1.381 

0.604 

56.3 % 
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5.151 

A rcti c expl orers are unsure i f they can use a 5 kW motor dri ven heat pump to stay 
warm. It should keep their shelter at 60 F which loses energy at a rate of 0.3 Btu/s 
per degree di f f erence to the col der ambi ent . The heat pump has a COP that i s 50% 
of a Carnot heat pump. If the ambi ent temperature can fall to -10 Fat night, would 
you recommend this heat pump to the explorers? 

CV Heat pump. 

The heat pump should deliver a rate of heating that equals the heat loss to the 
ambient for steady inside temperature. 


T 

COP = P = Q h /W = 0.5 P Carnot ~ 2 x T -T ~ 2 x 60 - (-10) = 

H L 

The heat pump can then provide a heating capacity of 


Q h = p' W = 3.7 x 5 kW = 18.5 kW = 17.53 Btu/s 

The heat loss is 

Qleak out = CA AT = 0.3 Btu/s-R x [60 - (-10)] R = 21 Btu/s 
The heat pump is not sufficient to cover the loss and not recommended. 
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5.152 

Using the given heat pump in the previous problem how warm could it make the 
shel ter i n the arcti c ni ght? 


The high is now an unknown so both the heat loss and the heat pump performance 
depends on that. The energy balance around the shelter then gives 

Q h = P' W = Q leak out = CA AT 

Substitute the expression for [V and CA AT to give 

1 t h • 

9 x t 7 t ~ W = 0-3 Btu/s-R x [T h - TjJ 
z l h ' l L 

Multiply with the temperature difference, factor 2 and divide by the work, 

5 kW = (5/1.055) Btu/s, so we get 


0.3 x 2 


l2 0.1137 


Th_ 5/1.055 R [Th Tl] “ R [Th Tl] 


Solve this equation like 0.1 137 x 2 - x - T L = 0, with x = T H - T L and 
T l = 459.7 - 10 = 449.7 R 

x = T h - Tl = 67.44 R (negative root discarded) 

T H = x + T L = 67.44 - 10 = 57.4 F 
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5.153 

Carbon dioxide is used in an ideal gas refrigeration cycle, reverse of Fig. 5.24. 
Heat absorption is at 450 R and heat rejection is at 585 R where the pressure 
changes from 180 psia to 360 psia. Find the refrigeration COP and the specific 
heat transfer at the low temperature. 


The analysis is the same as for the heat engine except the signs are opposite so the 
heat transfers move in the opposite direction. 

p = Q L / W = p carnot = T l / (Th - T l ) = 585 4 !° 45Q = 3.33 

Pi 360 

q H = RT h ln(v 2 /v 1 ) = RT H In ( ) = 35.1 ft-lbf/lbm-R x 585 Rx ln(y^) 

= 14 232.7 ft-lbf/lbm = 18.29 Btu/lbm 
q L = q H T l / T h = 18.29 x 450 / 585 = 14.07 Btu/lbm 
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5.154 

Air in a piston/cylinder goes through a Carnot cycle with the P-v diagram shown 
in Fig. 5.24. The high and low temperatures are 1200 R and 600 R respectively. 
The heat added at the high temperature is 100 Btu/lbm and the lowest pressure in 
the cycle is 10 lbf/in. 2 . Find the specific volume and pressure at all 4 states in the 
cycle assuming constant specific heats at 80 F. 

Solution: 

q H = 100 Btu/lbm, T H = 1200 R, T L = 600 R, P 3 = 10 lbf/in. 2 
C v = 0.171 Btu/lbm R ; R = 53.34 ft-lbf/lbm-R 
The states as shown in figure 5.24 

1: 1200 R , 2: 1200 R, 3:10psi, 600 R 4: 600 R 

As we know state 3 we can work backwards towards state 1 

v 3 = RT 3 / P 3 = 53.34 x 600 /(10 x 144) = 22.225 ft 3 /lbm 
Process 2— >3 from Eq.5.8 & C v = constant 

= > C v In (T l / T h ) + R In (v 3 /v 2 ) = 0 
= > In (v 3 /v 2 ) = - (C v / R) In (T L / T H ) 

= - (0.171/53.34) In (600/1200) = 1.7288 
= > v 2 = v 3 / exp (1.7288) = 22.225/5.6339 = 3.9449 ft 3 /lbm 
Process 1— >2 and Eq.5.7: q H = RT H In (v 2 / vj) 

In (v 2 /v 1 ) = q H /RT H = 100x 778/(53.34 x 1200) = 1.21547 
vj = v 2 / exp (1.21547) = 1.1699 ft 3 /lbm 
v 4 = Vl x v 3 / v 2 = 1.1699 x 22.225/3.9449 = 6.591 ft 3 /lbm 
P : = RT : / v j = 53.34 x 1200/(1.1699x144) = 379.9 psia 
P 2 = RT 2 / v 2 = 53.34 x 1200/(3.9449 x 144) = 1 12.7 psia 
P 4 = RT 4 / v 4 = 53.34 x 600/(6.591 x 144) = 33.7 psia 
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5.155 

We wish to produce refrigeration at -20 F. A reservoir is available at 400 F and 
the ambient temperature is 80 F, as shown in Fig. P5.104. Thus, work can be done 
by a cyclic heat engine operating between the 400 F reservoir and the ambient. 
This work is used to drive the refrigerator. Determine the ratio of the heat 
transferred from the 400 F reservoir to the heat transferred from the -20 F 
reservoir, assuming all processes are reversible. 


Solution: Equate the work from the heat engine to the refrigerator. 


T h = 860 R s To = 540R 



W = Q m 

also 


Ar _ T 'N 

a h " L o 


T 


v 


H ) 


W = Q 


At _ r F \ 


L2 


T 


v 


L ) 


100 860_ ft#sl1 
440 X 320 _ 0,611 
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5.156 

An ai r-conditioner on a hot summer day removes 8 Btu/s of energy from a house 
at 70 F and pushes energy to the outsi de whi ch i s at 88 F. The house has 30 000 
Ibm mass with an average specific heat of 0.23 Btu/lbm-R. In order to do this the 
col d si de of the ai r-condi ti oner i s at 40 F and the hot si de i s 1 00 F. The ai r 
conditioner (refrigerator) hasaCOPthat is60%of a corresponding Carnot 
refrigerator. Find the actu^ air-conditioner COP and the required power to run it. 


A steady state refrigerator definition of COP 

COP = Prep = Qe / W = Ql / (Q h - Ql) = 0.6 Pcarnot 


Carnot: 


T L _ 40 + 459.7 

PCarnot- T H - T L _ 100-40 “ 8 ‘ 328 


Prep — 0.6 x 8.328 — 5 
=> W = Ql/ Pref = 8 Btu/s / 5 = 1.6 Btu/s 


Q leak 
from atm. 
88 F 



88 F 
amb. 


Any heat transfer must go from a higher to a lower T domain. 
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5.157 

The ai r condi ti oner i n the previ ous probl em i s turned of f . How fast does the house 
heat up i n degrees per second (F/s)? 

Once the A/C unit is turned off we do not cool the house so heat leaks in from the 
atm. at a rate of 8 Btu/s (that is what we had to remove to keep steady state). 

dT 

Energy Eq. : E c v = Q leak = 8 Btu/s = m house C P 


dT_ 
dt _ 


Qleak / m house 



8 Btu/s 

= 30 000 x 0.23 Btu/R 


= 1.16 x 10“ 3 


R/s 
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5.158 

A wi ndow ai r condi ti oner cool s a room at T L = 68 F wi th a maxi mum of 1 .2 kW 
power i nput. The room gai ns 0.33 Btu/s per degree temperature difference to the 
ambi ent and the ref ri gerati on COP is p = 0.6 Pcarnot- Fi ncl the maxi mum outsi de 
temperature, T H , for which the air conditioner provides sufficient cooling. 

Solution: 


Here: 

T — T 
1 L 1 house 

T H = T amb 



In this setup the low temperature space is the house and the high temperature 
space is the ambient. The heat pump must remove the gain or leak heat transfer to 
keep it at a constant temperature. 

Qleak = 0.33 (T amb - T house ) = Q l 

which must be removed by the heat pump. 

p = Q L / W = 0.6 p carnot = 0.6 T house / (T amb - T house ) 

• • 

Substitute in for Q L and multiply with (T amb - T bouse )W: 

0.33 (T amb - T house ) 2 = 0.6 T house W 

Since T house = 459.7 + 68 = 527.7 R and W = 1.2 kW = 1.1374 Btu/s, it follows 

( T amb - Thouse 7 = (0.6/0.33) x 527.7 X 1.1374 = 1091.28 R 2 

Solving => (T amb - T house ) = 33.03 => T amb = 560.73 R = 101 F 

Comment: We did assume here that P = 0.6 P carnot , the statement 

could also have been understood as P’ = 0.6 P’carnot which would lead to a 
slightly different result. 
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5.159 

The room i n probl em 5. 1 58E has a combi ned thermal mass of 4 000 I bm wood, 
500 Ibm steel and 1000 Ibm plaster board. Estimate how fast the room heats up if 
the ai r-condi ti oner i s turned of f on a day i t i s 95 F outsi de. 

Without the air-conditioner the house gains heat and the energy equation for the 
house becomes 

dT . 

mC I =| 5» 

The gain is due to the temperature difference as 

Q in = 0.33 (T h - T l ) = 0.33 Btu/s-R (95 - 68) R = 8.91 Btu/s 

The combined (mC) is using an estimate C for gypsum as 0.24 Btu/lbm-R 


mC = [4000 x 0.33 + 500 x 0.11 + 1000 x 0.24 ] Btu/R = 1615 Btu/R 

jrp 

= Qin /mC = 8.91 (Btu/s) / 1615 Btu/R = 0.0055 R/s 
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5160 

A 350-ft 3 tank of air at 80 lbf/in. 2 , 1080 R acts as the high-temperature reservoir 
for a Camot heat engine that rejects heat at 540 R. A temperature difference of 45 
F between the air tank and the Carnot cycle high temperature is needed to transfer 
the heat. The heat engine runs until the air temperature has dropped to 700 R and 
then stops. Assume constant specific heat capacities for air and find how much 
work is given out by the heat engine. 

Solution: 



T h = T air - 45 , T l = 540 R 
p l v 80 x 350 x 144 


mo;, = 


air RT : 53.34 X 1080 


dW = r|dQ H = 


T 


1 - 


L 




V. 


T ■ - 45 

x air 


= 69.991 lbm 


dQ H 


dQ H = -m air du = -m air C v dT 


air 


W = /dW = -m air C v 


T 


1 - 


L 


T a - 45 


dT 


a 


- " m air Cy 


T a2 - 45' 
T a2 ' T al ‘ T L ln t . 45 


= -69.991 lbm x 0.171 Btu/lbm-R x 

= 1591 Btu 


700 - 1080 - 540 ln 


655 

1035 


R 
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5161 

Air in a rigid 40 ft 3 box is at 540 R, 30 lbf/in. 2 . It is heated to 1 100 R by heat 
transfer from a reversible heat pump that receives energy from the ambient at 540 
R besides the work input. Use constant specific heat at 540 R. Since the 
coefficient of performance changes write dQ = m a j r C v dT and find dW. Integrate 
dW with temperature to find the required heat pump work. 


Solution: 


Qh 

COP: p' = 


Qh 


T 


H 


w Qh-Ql“T h -t l 
m air = p l v l / RTi = (30 x 40 x 144) / (540 x 53.34) = 6.0 lbm 

t h 

H ~ A L 


dQ H = m air C v dT H = [V dW = _ T dW 


T 

=> dW = m air C v [ T H t ] dT H 

H L 


iW 2 = J 


T 


L 


m air C v ( 1 - Tjr ) dT = m a1r C v J ( 1 - — ) dT 


I 


T 


L 


T 


T 


= m air C v [T 2 - T 2 - T l In ] 


1100 


= 6.0 lbm x0.171 Btu/lbm-R x [1100 - 540 - 540 In (-^j-)] R 

= 180.4 Btu 
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In-Text Concept Questions 
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6.a 

Does Clausius say anything about the sign for ? dQ ? 

No. 

The total (net) heat transfer can be coming in like in a heat engine (W out = 
Q h - Ql) in which case it is positive. It can also be net going out like in a 
refrigerator or heat pump (W in = Q H - Q L ) in which case the sign is negative. 

Finally if you look at a transmission gearbox there could be no heat transfer 
(first approximation) in which case the integral is zero. 


6.b 

Does the statement of Clausius require a constant T for the heat transfer as in a 
Carnot cycle? 


No. 

The statement for a cycle involves an integral of dQ/T so T can vary, 
which it does during most processes in actual devices. This just means that 
you cannot that easily get a closed expression for the integral. 


6.c 


How can you change s of a substance going through a reversible process? 
From the definition of entropy 


ds =f 

for a reversible process. Thus only heat transfer gives a change in s, 
expansion/compression involving work does not give such a contribution. 


6.d 

A reversible process adds heat to a substance. If T is varying does that influence 
the change in s? 

Yes. 


Reversible: 



dq 

T 


So if T goes up it means that s changes less per unit of dq, and the 
opposite if T decreases then s changes more per unit of dq. 
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6.e 

Water at 100 kPa, 150°C receives 75 kJ/kg in a reversible process by heat 
transfer. Which process changes s the most: constant T, constant v or constant P? 

i dq 
ds = Tp 

Look at the constant property lines in a T-s diagram, Fig. 6.5. The 
constant v line has a higher slope than the constant P line also at positive 
slope. Thus both the constant P and v processes have an increase in T. As T 
goes up the change in s is smaller for the same area (heat transfer) under the 
process curve in the T-s diagram as compared with the constant T process. 

The constant T (isothermal) process therefore changes s the most. 


In a reversible process the area below the 
process curve in the T-s diagram is the heat 
transfer. 



q 



s 
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6.f 

A liquid is compressed in a reversible adiabatic process. What is the change in T? 

dq 

If the process is reversible then s is constant, ds = ^ = 0 
Change in s for a liquid (an incompressible substance) is 

Eq. 6.10: ds=^dT 

From this it follows that if ds = 0 then T is constant. 


6-g 

An ideal gas goes through a constant T reversible heat addition process. How do 
the properties (v, u, h, s, P) change (up, down or constant)? 


Ideal gas: u(T), h(T) so they are both constant 


Eq. 6.2 gives: 
Eq. 6.12 gives: 
Eq. 6.14 gives: 


ds = dq/T > 0 

so s goes up by q/T 

ds = (R/v) dv 

so v increases 

ds = -(R/P) dP 

so P decreases 
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6.h 

Carbon dioxide is compressed to a smaller volume in a polytropic process with n 
= 1.2. How do the properties (u, h, s, P, T) change (up, down or constant)? 

For carbon dioxide Table A. 5 k= 1.289 so we have n<k and the 
process curve can be recognized in Figure 8.13. From this we see a smaller volume 
means moving to the left in the P-v diagram and thus also up. 


From P-v diagram: P up, T up 

From T-s diagram Since T is up then s down. 

As T is up so is h and u. 
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6.i 

A substance has heat transfer out. Can you say anything about changes in s if the 
process is reversible? If it is irreversible? 


Reversible: 


ds = <0 since dq < 0 


dq 

Irreversible: ds = j + ds gen = ? dq < 0 but ds gen > 


0 


6-j 


You cannot say, ds depends on the magnitude of dq/T versus ds gen 


A substance is compressed adiabatically so P and T go up. Does that change s? 
If the process is reversible then s is constant, ds = = 0 


dq 

If the process is irreversible then s goes up, ds = j + ds gen = ds gen > 0 
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6.1 

When a substance has completed a cycle, v, u, h, and s are unchanged. Did 
anything happen? Explain. 

Yes. 

During various parts of the cycle work and heat transfer may be 
transferred. That happens at different P and T. The net work out equals the net 
heat transfer in (energy conservation) so dependent upon the sign it is a heat 
engine or a heat pump (refrigerator). The net effect is thus a conversion of 
energy from one storage location to another and it may also change nature, 
some Q was changed to W or the opposite. 
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6.2 

Assume a heat engine with a given Q H . Can you say anything about Q L if the 
engine is reversible? If it is irreversible? 

For a reversible heat engine it must be that: 


$42 _ 0 _Qh_3l 

5 T - u "T h T l 


or integrals if T not constant 


So as Tl is lower than T H then Q L must be correspondingly lower than Q H to 
obtain the net zero integral. 

For an irreversible heat engine we have 

If <0 

This means that Q L is larger than before (given Q H and the T’s). The irreversible 
heat engine rejects more energy and thus gives less out as work. 
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6.3 


CV A is the mass inside a piston/cylinder, CV B is 
that plus part of the wall out to a source of 1 Q 2 at T s . Write 

the entropy equation for the two control volumes assuming no 
change of state of the piston mass or walls. 




The general entropy equation for a control mass is Eq.6.37 




+ 



gen 


The left hand side is storage so that depends of what is inside the C.V. and the 
integral is summing the dQ/T that crosses the control volume surface while the process 
proceeds from 1 to 2. 


C.V. A: 
C.V. B: 


m A ( s 2 - s l) = 


m A ( s 2 - s l) = 


"2dQ 

1 T A + 

f2dQ 

7^ + 


1 S 2 gen CV A 
1 S 2 gen CV B 


In the first equation the temperature is that of mass m A which possibly changes 
from 1 to 2 whereas in the second equation it is the reservoir temperature T s . The two 

entropy generation terms are also different the second one includes the first one plus any 
s generated in the walls that separate the mass m A from the reservoir and there is a Q 

over a finite temperature difference. When the storage effect in the walls are neglected 
the left hand sides of the two equations are equal. 
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6.4 

Consider the previous set-up with the mass and the piston cylinder of mass 
nip starting out at two different temperatures. After a while the temperature becomes 
uniform without any external heat transfer. Write the entropy equation storage term (S 2 - 
Sj) for the total mass. 


In this case the storage effect must be summed up over all the mass inside the 
control volume. 


S 2 - Si = m A (s 2 - sj) A + m P (s 2 - s^p 

t 2 

~ m A (s 2 - Si) A + m P C P In ( ) 

The last equation assumed a constant specific heat for the solid material of the 
piston, a common assumption. There is only a single temperature T 2 , but there are two 

different temperatures for state 1: Tj A and Tj P . The temperature T 2 would be found 
from the energy equation. 
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6.5 

Water at 100°C, quality 50% in a rigid box is heated to 1 10°C. How do the properties 
(P, v, x, u and s) change? (increase, stay about the same, or decrease) 

A fixed mass in a rigid box give a constant v process. So 

P goes up (in the two-phase region P = P sat at given T) 

v stays constant. 

x goes up ( we get closer to the saturated vapor state see P-v diagram) 
u goes up (Q in and no work) 
s goes up (Q in) 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.6 

Liquid water at 20°C, 100 kPa is compressed in a piston/cylinder without any heat 
transfer to a pressure of 200 kPa. How do the properties (T, v, u, and s) change? 
(increase, stay about the same, or decrease) 

Adiabatic dq = 0: dq = T ds = 0; 

Incompressible dv = 0: dw = P dv = 0 

(T, v, u, and s) they are all constant. 

Only the pressure and enthalpy goes up. 


In the T-s 
diagram the 
two states are 
in the same 
location as T 
does not go 
up for v 
constant. 
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6.7 


A reversible process in a piston/cylinder is 
shown in Fig. P6.7. Indicate the storage 
change u 2 - Uj and transfers ] w 2 and |C] 2 as 

positive, zero, or negative 


iw 2 = 


1 


P dv > 0 ; 




v 



s 


u 2 - u 1 > 0 from general shape of the constant u curves. Further out in the ideal 
gas region the constant u curve become horizontal ( u = fct(T) only ). 
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6.8 


A reversible process in a piston/cylinder 
is shown in Fig. P6.8. Indicate the 
storage change u 2 - Uj and transfers jw 2 

and iq 2 as positive, zero, or negative 



l w 2 = 




1^2 ~ 


1 


T ds = 0 


u 2 - U 1 = 102 


- 2W 2 < 0 
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6.9 

Air at 290 K, 100 kPa in a rigid box is heated to 325 K. How do the properties (P, v, 
u and s) change? (increase, stay about the same, or decrease) 

Rigid box: v = constant, (P, u, and s) all increases. 





Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


6.10 

Air at 20°C, 100 kPa is compressed in a piston/cylinder without any heat transfer to a 
pressure of 200 kPa. How do the properties (T, v, u and s) change? (increase, about 
the same or decrease) 


T goes up, 
v goes down 
u goes up (work in, q = 0) 
s = constant 
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6.11 

Carbon dioxide is compressed to a smaller volume in a polytropic process with n 
= 1.4. How do the properties (u, h, s, P, T) change (up, down or constant)? 

For carbon dioxide Table A. 5 k = 1.289 so we have n > k and the process 
curve can be recognized in Figure 6.13. From this we see a smaller volume means 
moving to the left in the P-v diagram and thus also up. 

P up, T up. As T is up so is h and u. 

From the T-s diagram as n > k then we move to larger T means s is up. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


6.12 

Process A: Air at 300 K, 100 kPa is heated to 310 K at constant pressure. 
Process B: Heat air at 1300 K to 1310 K at constant 100 kPa. 

Use the table below to compare the property changes. 



Property 

a a > a b 

A a ~ A B 

A a < A b 

a 

A = v 2 - v : 


V 


b 

A = h 2 - hj 



V 

c 

A = S 2 -S! 

V 




a. Ideal gas Pv = RT so v goes with absolute T 

Av = (R/P) AT thus the same 

b. Since dh = Cp dT and C P increases with T 

c. At constant P: ds = (C P /T) dT 

C P is only 15% higher at 1300 K compared to 300 K (see Fig. 3.11) 
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6.13 


Why do we write AS or S 2 - whereas we write JdQ/T and t S 2 gen ? 

This is similar to the terms in the continuity equation m 2 - lrq versus m^, m e and 
the energy equation E 2 - Ej versus ]Q 2 , | W 2 . The first part is the change in the storage 
S 2 - S] of entropy in the mass and the second part is the transfer or generation during the 
process from 1 to 2. The storage terms correspond to the left hand side of the balance 

equation for entropy. The integral JdQ/T represents a transfer of entropy across the 
control volume surface during the process from 1 to 2 and the |S 2 gen expresses the total 

amount of entropy being generated inside the control volume and both are on the right 
hand side of the balance equation. 
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6.14 

A reversible heat pump has a flux of s entering as Q L /T L . What can you say about 
the exit flux of s at T H ? 


For the entropy equation 6.3 and 6.42, the rate of storage is zero and the 
generation term is zero. Thus the entropy equation becomes 

A Ql Qh 

0 — rp — rp +0 


So: 


Ql Qh 



= flux of s 


We have the same flux of s in as out matching the result in chapter 5. 
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6.15 

An electric baseboard heater receives 1500 W of electrical power that heats the 
room air which loses the same amount out through the walls and windows. Specify 
exactly where entropy is generated in that process. 

a Electrical heating wire (electrical work turned into internal 

energy, 

leaving as heat transfer). 

b Heat transfer from hot wire to cooler room air, i.e. in the wire coverings 
c Room air to walls 

d Inside walls and windows, heat transfer over a finite AT 
e from outside wall surface to ambient T 



The electric wire is inside the pipe and surrounded by sand to electrically isolate it. The 
pipe has fins mounted to increase the surface area. 
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6.16 

A 500 W electric space heater with a small fan inside heats air by blowing it over 
a hot electrical wire. For each control volume: a) wire at T wire only b) all the room air at 

T r0 om an d c) total room plus the heater, specify the storage, entropy transfer terms and 

• 

entropy generation as rates (neglect any Q through the room walls or windows). 


Storage 


C.V. Wire only 

0 


500 W 

C.V. Room air 

T 

A room 

C.V. Total room 

500 W 
T 

A room 


Q/T 

-500 W 
T 

1 wire 

500 W 
T 

1 wire 


0 


^gen 

500 W 
T ■ 

x wire 

1 


500 W 


room 

500 W 


T 

A wire 


T 


room 


Remark: Room only receives the electrical power input of 500 W. 



Some of the heaters can be 
radiant heaters in which 
case the fan is not needed. 
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Inequality of Clausius 
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6.17 

Consider the steam power plant in Example 4.7 and assume an average T in the 
line between 1 and 2. Show that this cycle satisfies the inequality of Clausius. 

Solution: 


Show Clausius: 



< 0 


For this problem we have three heat transfer terms: 

q b = 283 1 kJ/kg, q loss = 21 kJ/kg, q c = 2173.3 kJ/kg 



4b 

^lloss 

q c 

T b 

T 

A avg 1 - 

■2 T c 

2831 

21 

2173.3 

573 

“568 

318 

-1.93 

kJ/kg 

K< 0 OK 
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6.18 

A heat engine receives 6 kW from a 250°C source and rejects heat at 30°C. 
Examine each of three cases with respect to the inequality of Clausius. 

a. W = 6 kW b. W = 0 kW c. Carnot cycle 

Solution: 

T h = 250 + 273 = 523 K ; T L = 30 + 273 = 303 K 


Case a) 


dQ _ 6000 
T _ 523 


0 

303 


1 1 .47 kW/K > 0 Impossible 


b) 


dQ 6000 6000 


c) 


T 


dQ 

T 


523 303 

6000 Ql 


= -8.33 kW/K < 0 


= 0 = 


Ql = 


303 

523 


523 303 


x 6 kW = 3.476 kW 


W = Q H - Q L = 2.529 kW 


OK 
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6.19 

Use the inequality of Clausius to show that heat transfer from a warm space 
towards a colder space without work is a possible process i.e. a heat engine with no work 
output. 


Clausius: 



or 



< 0 


Take C.V. as the space separating the warm and cold space. It is the same Q that 
crosses each surface (from energy equation) so 



Q 

'I 

warm 


Q 

Tcold 



1 

warm 


i 

T — ) <0 

A cold 


OK 
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6.20 

Use the inequality of Clausius to show that heat transfer from a cold space 
towards a warmer space without work is an impossible process i.e. a heat pump with no 
work input. 


Clausius: 



or 



< 0 


Take C.V. as the space separating the warm and cold space. It is the same Q that 
crosses each surface (from energy equation) so 


fd Q Q 

J T T cold 


Q 

I 

warm 



cold 


T )>0 

1 warm 


Impossible ! 
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6.21 

Assume the heat engine in Problem 5.34 has a high temperature of 1000 K and a 
low temperature of 400 K. What does the inequality of Clausius say about each of the 
four cases? 

Solution: 


Cases a) 


b) 


c) 


d) 


dQ 

6 

4 

T 

1000 

400 

dQ 

6 

0 

1 

1000 

400 

dQ 

6 

2 

T 

1000 

400 

dQ 

6 

6 


= - 0.004 kW/K < 0 


OK 


T “ 1000 400 


= - 0.009 kW/K < 0 


OK 


\T h = 1000 K/ 

^ w 


/ Tl = 400 K X 
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6.22 

Let the steam power plant in Problem 5.30 have 700°C in the boiler and 40°C 
during the heat rejection in the condenser. Does that satisfy the inequality of Clausius? 
Repeat the question for the cycle operated in reverse as a refrigerator. 

Solution: 


Q h = 1 MW Q l = 0.58 MW 

/» 

dQ 1000 580 

-7jr = -^-- — = -0.82kW/K<0 OK 

«/ 

Refrigerator 


/» 


J 


dQ _ 580 1000 

T “ 313 ~ 973 “ 


0.82 >0 


Cannot be possible 
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6.23 

Examine the heat engine given in Problem 5.74 to see if it satisfies the inequality 
of Clausius. 


Solution: 


Q h = 325 kJ at T H = 1000 K 
Q l = 125 kJ at T l = 400 K 


dQ_j$25_ 125 
T “ 1000 “400 


= 0.0125 kJ/K>0 


Impossible 


\T h = 1000 K / 

'O' Q T j = 325 

^=> 

W = 
125 

/ T l = 400 k\ 


fa 


IS 

cb, 


kJ 


200 kJ 
kJ 
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Entropy of a pure substance 
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6.24 

Determine the entropy for these states: 

a. Nitrogen, P = 2000 kPa, 120 K 

b. Nitrogen, 120 K, v = 0.005 m 3 /kg 

c. R-410A, T = 25°C, v = 0.01 m 3 /kg 


Solution: 

a) Table B. 6.1: P < P sat = 2513 kPa so superheated vapor. 

B.6.2 at 2000 kPa: s = 4.8116 kJ/kg-K 

b) Table B.6.1: v f < v < v g = 0.00799 m 3 /kg so two-phase L + V 

0.005 -0.001915 

x = (v - V f )/v fg = q50608 = 0,5074 

s = Sf + x Sfg = 3.8536 + x 0.7659 = 4.2422 kj/kg K 

c) Table B.4.1 v f < v < v g = 0.01514 m 3 /kg so two-phase L + V 

0.01 - 0.000944 

x = (v - v f )/v f g = 0 01420 = 0.63775 

s = s f + x Sfg = 0.3631 + x 0.6253 = 0.7619 kj/kg K 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.25 

Determine the missing property among P, T, s, and x for R-410A at: 

a. T = -20°C, v = 0. 1377 m 3 /kg 

b. T = 20°C, v = 0.01377 m 3 /kg 

c. P = 200 kPa, s = 1 .409 kJ/kgK 

a) B.4.1: v > v g = 0.0648 m 3 /kg => 

B.4.2 superheated vapor so x is undefined 
very close to 200 kPa, s = 1.1783 kJ/kg-K 



B.4.1: 0.000923 = v f < v < v g = 0.01758 m 3 /kg => Two-phase 


p = p sat = 1444.2 kPa 


0.01377 - 0.000923 


= 0.77113 


X = (V - VfVVfg = aol666 
s = s f + X Sfg = 0.3357 + 0.77113 x 0.6627 = 0.8467 kJ/kg-K 


c) Table B.4.2 at 200 kPa, s > s g so superheated vapor, 
x is undefined, and we find the state at T = 60°C. 
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6.26 

Find the missing properties of P, v, s and x for ammonia ( NH 3 ) at 

a. T = 65°C, P = 600 kPa 

b. r=20°C, u =800kJ/kg 

c. r=50°C,v = 0.1185 m 3 /kg 

a) B.2.2 average between 60°C and 70°C 

v = (0.25981 + 0.26999)/2 = 0.26435 m 3 /kg 
s = (5.6383 + 5.7094)/2 = 5.6739 kJ/kgK 

b) B.2.1: u < u g = 1332.2 kJ/kg => P = P sat = 857.5 kPa 

800 - 272.89 

x = (u - u f )/u f g = 10593 = 0.49666 

v = 0.001638 + x x 0.14758 = 0.07494 m 3 /kg, 
s = 1.0408 + x x 4.0452 = 3.04989 kJ/kg-K 

c) B.2.1: v > v g = 0.06337 m 3 /kg => 

B.2.2 superheated vapor so x is undefined 
very close to 1200 kPa, s = 5.1497 kJ/kgK 
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6.27 

Find the entropy for the following water states and indicate each state on a T-s 
diagram relative to the two-phase region. 

a. 250°C, v = 0.02 m 3 /kg 

b. 250°C, 2000 kPa 

c. -2°C, 100 kPa 


Solution: 

a) Table B. 1.1: 0.001251 = v f < v < v g = 0.05013 m 3 /kg => Two-phase 


0.02-0.001251 

0.04887 


0.38365 


s = Sf + x Sfg = 2.7927 + 0.38365 x 3.2802 = 4.05 kj/kg K 

b) Table B. 1.1: P < P sat = 3973 kPa => superheated vapor B. 1.3 

s = 6.5452 kj/kg K 

c) Table B. 1.1 T < T tripple = 0.01°C so goto B. 1.5 

Table B.1.5: P > P sat = 0.5177 kPa so compressed solid 

s = -1.2369 kj/kg K 
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6.28 

Determine the missing property among P, v, s, and x for CO 2 and indicate each 
state on a T-s diagram relative to the two-phase region. 

a. T = -20°C, P = 2000 kPa 

b. T = 20°C, s = 1.49 kJ/kgK 

c. T = -10°C, s = 1 kJ/kgK 

a) Table B. 3.1 at -20°C: P > P sat = 1969.6 kPa => Compressed liquid 

v = v f = 0.000969 m 3 /kg 
s = Sf = 0.1672 kJ/kg-K, x is undefined 

b) Table B.3.1: s > s g = 1.0406 kJ/kg-K => superheated vapor 

Table B.3.2 located between 1400 kPa and 2000 kPa 

1.49- 1.5283 

P = 1400 + 600 1 4438 _ 1 5 o 83 = 1400 + 600 x0.4532 = 1672 kPa 
v = 0.03648 + (0.02453 - 0.03648) 0.4532 = 0.03106 m 3 /kg 

c) Table B.3.1: 0.2501 = s f < s < s g = 1.2328 kJ/kgK => Two-phase 

s - s f 1 . 0.2501 

x = = —————= 0.763; P = Pent = 2648.7 kPa 

Sf g 0.9828 sat 

v = v f + x v fg = 0.001017 + 0.763 x 0.01303 = 0.01096 m 3 /kg 
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6.29 

Determine the missing property among (T, P, v, s) 


a. 

h 2 o 

20°C, v = 0.01000 m 3 /kg 

b. 

R-410A 400 kPa, s= 1.17 kJ/kgK 

c. 

nh 3 

10°C, v = 0.1 m 3 /kg 

d. 

n 2 

101.3 kPa, s = 3.5 kJ/kg-K 


a) Table B.1.1 at 20°C: v < Vf = 0.001002 m 3 /kg => Compr. Liquid 
B.1.4: at about 5000 kPa, s = 0.2955 kJ/kg-K 


b) Table B. 4.1: 
Table B.4.2: 

c) Table B. 2.1: 


s > s g = 1.0779 kJ/kg-K => Sup. vapor 

117—1 1483 

T = 0 + 20 x 21Q8 _ ‘ 14g3 = 20 x 0.3472 = 6.94°C 

v = 0.07227 + (0.07916 - 0.07227) 0.3472 = 0.07466 m 3 /kg 
Vf < v < Vg = 0.20541 so two-phase L + V, P = 615.2 kPa 


d) Table B.6.1: 


x = 


V - Vf 

v fg 


0.1-0.0016 

0.20381 


= 0.4828 


s = Sf + x Sfg = 0.8778 + x x 4.3266 = 2.9667 kJ/kg-K 
Sf < s < Sg = 5.4033 kJ/kgK so two-phase, T = 77.3 K 


x 

V 


S-Sf _ 3.5 - 2.8326 
s fg _ 2.5707 

Vf + x Vfg = 0.00124 


= 0.25962 

+ xx 0.21515 = 0.0571 m 3 /kg 
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6.30 

Two kg water at 120°C with a quality of 25% has its temperature raised 20°C in a 
constant volume process. What are the new quality and specific entropy? 

Solution: 


State 1 from Table B.1.1 at 120°C 

v = v f + X Vfg = 0.001060 + 0.25 x 0.8908 = 0.22376 m 3 /kg 


State 2 has same v at 140°C also from Table B.1.1 

v - v f 0.22376 - 0.00108 


x = 


v fg 


0.50777 


= 0.4385 


s = s f + x Sfg = 1.739 + 0.4385 x 5.1908 = 4.015 kj/kg K 
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6.31 

Two kg water at 400 kPa with a quality of 25% has its temperature raised 20°C in a 
constant pressure process. What is the change in entropy? 

Solution: 

State 1 from Table B. 1.2 at 400 kPa 

s = s f +xs fa = 1.7766 + 0.25 x 5. 1193 = 3.0564 kJ/kg 

State 2 has same P from Table B.1.2 at 400 kPa 

T 2 = T sat + 20 = 143.63 + 20 = 163.63°C 

so state is superheated vapor look in B. 1.3 and interpolate between 150 and 200 C 
in the 400 kPa superheated vapor table. 

163.63 - 150 

s 2 = 6.9299 + (7.1706 - 6.9299) 2 00- 150 = 6 - 9955 kJ/kgK 
s 2 - Sl = 6.9955 - 3.0564 = 3.9391 kJ/kgK 
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6.32 

Saturated liquid water at 20°C is compressed to a higher pressure with constant 
temperature. Find the changes in u and s when the final pressure is 
a. 500 kPa b. 2000 kPa c. 20 000kPa 


Solution: 

kJ/kg 

B.1.1: u 1 = 83.94 

kJ/kg K 
sj =0.2966 




B.1.4: u a = 83.91 

s a = 0.2965 

Au = -0.03 

As = 

-0.0001 

B.1.4: u b = 83.82 

s b = 0.2962 

Au = -0.12 

As = 

-0.0004 

B.1.4: u c = 82.75 

s c = 0.2922 

Au = -1.19 

As = 

-0.0044 

Nearly constant u and s, incompressible media 






Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.33 

Saturated vapor water at 250°C is expanded to a lower pressure with constant 
temperature. Find the changes in u and s when the final pressure is 
a. 100 kPa b. 50 kPa c. 10 kPa 

Solution: 

Table B.1.1 for the first state then B.1.3 for the a, b and c states. 


kJ/kg 
uj= 2602.37 

kJ/kg K 
Sj= 6.0729 

kJ/kg 

kJ/kg K 

u a = 2733.73 

s a = 8.0332 

Au = 131.36 

As = 1.9603 

u b = 2734.97 

s b = 8.3555 

Au = 132.6 

As = 2.2826 

u c = 2735.95 

s c = 9.1002 

Au = 133.58 

As = 3.0273 




Remark: You approach ideal gas as P drops so u is u(T) but s is still s(T,P). 
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6.34 

Determine the missing property among P, T, s, x for the following states: 

a. Ammonia 25°C, v = 0.10 m 3 /kg 

b. Ammonia 1000 kPa, s = 5.2 kJ/kg K 

c. R-410A 500 kPa, s = 1.4 kJ/kg K 

d. R-410A 50°C, s = 0.8 kJ/kg K 
Solution: 



Table 

P kPa 

T°C 

s kJ/kg K 

X 

a) 

B2.1 

1003 

25 

4.1601 

0.7776 

b) 

B2.2 

1000 

42.53 

5.2 


c) 

B4.2 

500 

100 

1.4 


d) 

B4.1 

3065 

50 

0.8 

0.6973 


a) x = (0.1 -0.00 165 8)/0. 12647 = 0.7776 

s = Sf + x Sf g = 1.121 + x x 3.9083 = 4.1601 kJ/kg K 

b) T = 40 + 10 x (5.2 - 5.1778)/(5.2654 - 5.1778) = 42.53°C 

superheated vapor so x is undefined 

c) s > s g = 1.0647 so superheated vapor found close to 100°C 

d) s f < s < Sg so two-phase P = P sat = 3065.2 kPa 
x = (0.8 - 0.5067)/0.4206 = 0.69734 
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Reversible processes 
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6.35 

In a Camot engine with ammonia as the working fluid, the high temperature is 
60°C and as Q H is received, the ammonia changes from saturated liquid to saturated 
vapor. The ammonia pressure at the low temperature is 190 kPa. Find T L , the cycle 
thermal efficiency, the heat added per kilogram, and the entropy, s, at the beginning of 
the heat rejection process. 

Solution: 

Constant T => constant P from 1 to 2, Table B.2.1 
q H = 1 Tds = T (s 2 - Si) = T s fg 
= h 2 - hj = hf g = 997.0 kj/kg 
States 3 & 4 are two-phase, Table B.2.1 
=> T l = T 3 = T 4 = T sat (P) = -20°C 



Table B.2.1: s 3 


Ik 

T h 



253.2 
“ 1 “333.2 

s g (60°C) = 


= 0.24 

4.6577 kj/kg K 
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6.36 

Consider a Camot-cycle heat pump with R-410A as the working fluid. Heat is 
rejected from the R-410A at 35°C, during which process the R-410A changes from 
saturated vapor to saturated liquid. The heat is transferred to the R-410A at 0°C. 

a. Show the cycle on a T-s diagram. 

b. Find the quality of the R-410A at the beginning and end of the isothermal heat 
addition process at 0°C. 

c. Determine the COP for the cycle. 

Solution: 


a) T 
35 - 

0 - 

s 


b) From Table B.4.1, state 3 is 
saturated liquid 

S 4 = S 3 = 0.4189 kJ/kg K 

= 0.2264 + x 4 (0.8 104) 

=> x 4 = 0.2375 



c) 


State 2 is saturated vapor so from Table B.4.1 

Sl = s 2 = 0.9671 kJ/kg K = 0.2264 + x^O.8104) 

=> Xl = 0.914 


P' = 


9h 

W IN 


T 


H 


t h -t l 


308.15 

35 


= 8.8 


T 

e 

m 

P 

e 

r 

a 

t 

u 

r 

e 


135.00 

90.00 

45.00 
0.00 

-45.00 

0.40 0.60 0.80 1.00 1.20 


T-S Diagram 



1 1 1 1 r 


Entropy 


T-s diagram 
from CATT3 
for R-410A 
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6.37 

Do Problem 6.36 using refrigerant R-134a instead of R-410A. 

Consider a Camot-cycle heat pump with R-410A as the working fluid. Heat is 
rejected from the R-410A at 35°C, during which process the R-410A changes from 
saturated vapor to saturated liquid. The heat is transferred to the R-410A at 0°C. 

a. Show the cycle on a T-s diagram. 

b. Find the quality of the R-410A at the beginning and end of the 
isothermal heat addition process at 0°C. 

c. Determine the coefficient of performance for the cycle. 

Solution: 



b) From Table B.5.1, state 3 is 
saturated liquid 

s 4 = s 3 = 1.1673 kJ/kg K 
= 1.0 + x 4 (0.7262) 

=> x 4 = 0.2303 


State 2 is saturated vapor so from Table B.5.1 


Sl =s 2 = 1.7139 kJ/kg K= 1.0 + x 1 (0.7262) 

=> xj = 0.983 


c) 



Oh _ T h 308.15 

rp rp O • O 

W IN t h - t l 35 
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6.38 

Water is used as the working fluid in a Carnot cycle heat engine, where it changes 
from saturated liquid to saturated vapor at 200°C as heat is added. Heat is rejected in a 
constant pressure process (also constant T) at 20 kPa. The heat engine powers a Carnot 
cycle refrigerator that operates between -15°C and +20°C. Find the heat added to the 
water per kg water. How much heat should be added to the water in the heat engine so the 
refrigerator can remove 1 kJ from the cold space? 

Solution: 

Camot cycle heat engine: 

Constant T => constant P from 1 to 2, Table B.2.1 
q H = | Tds = T (s 2 - Sj) = T s fg = h fg 

= 473.15 (4.1014) = 1940 kj/kg 
States 3 & 4 are two-phase, Table B.2.1 

=> T L = T 3 = T 4 = T sat (P) = 60.06°C 


A T 



Camot cycle refrigerator (T L and T H are different from above): 

R Ql T l 273- 15 258 

Pref “ w “ T H - T L ~ 20 - (-15) “ 35 “ ' ^ ' 

W=f =Yyj= 0-136 kJ 

The needed work comes from the heat engine 

T l 333 

w = t Ihe Qh H2o ! Bhe = 1 _ = 1 - 473 = 0.296 


Qh H 20 - 


W 

hHE 


0.136 

0.296 


= 0.46 kJ 
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6.39 

Water at 1 MPa, 250°C is expanded in a piston/cylinder to 200 kPa, x = 1.0 in a 
reversible process. Find the sign for the work and the sign for the heat transfer. 

Solution: 

The process is not specified, but the beginning and end states are and we 
assume a unidirectional process so v keeps decreasing. 

State 1: Table B.1.3: 

Vj = 0.23268 m 3 /kg; Ul = 2709.9 kJ/kg; sj = 6.9246 kJ/kg K 
State 2: Table B.1.1: 

v 2 = 0.8857 m 3 /kg; u 2 = 2529.5 kJ/kg; s 2 = 7.1271 kJ/kg K 


Reversible process: dw = P dv 

dq = T ds 


v 2 > Vj => 

jw 2 = } P dv 

>0 

S 2 > S! => 

i02 = It ds 

>0 


Ap At 
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6.40 

R-410A at 1 MPa and 60°C is expanded in a piston cylinder to 500 kPa, 40°C in a 
reversible process. Find the sign for both the work and the heat transfer for this process. 


Solution: 

The process is not specified, but the beginning and end states are and we 
assume a unidirectional process so v keeps increasing. 

I w 2 = | P dv so sign dv 

102 = -f T ds so sign ds 


State 1: B.4.2 vj = 0.03470 m 3 /kg 

State 2: B.4.2 V 2 = 0.06775 m 3 /kg 


S! = 1.2019 kJ/kgK 
s 2 = 1.2398 kJ/kg K 


dv > 0 => w is positive 

ds > 0 => q is positive 
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6.41 

A piston/cylinder compressor takes R-410A as saturated vapor 500 kPa and 
compresses it in a reversible adiabatic process to 3000 kPa. Find the final temperature 
and the specific compression work. 

CV R-410A, this is a control mass 
Energy Eq.3.5: u 2 - Uj = 2 q 2 - iw 2 

Entropy Eq. 6.3: s 2 - si= I dq/T = jq 2 /T 

Process: Adiabatic and reversible => iq 2 = 0 so then s 2 = Sj 
State 1: P 1; x = 1, u 1 = 248.29 kJ/kg, sj = 1.0647 kJ/kgK 
State 2: P 2 , s 2 = Sj 

1.0647 - 0.9933 

T 2 — 60 + 20 x ^ 07^2 0 9933 — 20x0.8613 — 77.2 C 

u 2 = 274.96 + (298.38 - 274.96) x0.8613 = 295.13 kJ/kg 
Now the work becomes 

: w 2 = Ul - u 2 = 248.29 - 295.13 = -46.84 kJ/kg 
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6.42 

A piston/cylinder receives R-410A at 500 kPa and compresses it in a reversible 
adiabatic process to 1800 kPa, 60°C. Find the initial temperature. 


CV R-410A, this is a control mass 
Energy Eq.3.5: u 2 - = : q 2 - iw 2 

Entropy Eq.6.3: s 2 - S| = I dq/T = jq 2 /T 


Process: Adiabatic and reversible => iq 2 = 0 so then s 2 = s t 
State 1: Pj, Sj = s 2 = 1.1076 U/kgK => 


Tj =-13.89 + 13.89 x 


1.1076- 1.0647 
1.1155 - 1.0647 _ 


-2.16°C 
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6.43 

Compression and heat transfer brings carbon dioxide in a piston/cylinder from 

1400 kPa, 20°C to saturated vapor in an isothermal process. Find the specific heat 
transfer and the specific work. 

Solution: 

m = constant 

Energy Eq.3.5: u 2 - U! = : q 2 - iw 2 

Entropy Eq.6.3: s 2 - S] = I dq/T = ^q 2 /T 

Process: T = C and assume reversible => iq 2 = T (s 2 - Sj) 


State 1: Table B.4.2: 

uj =259.18 kJ/kg, 

s, = 1.0057 kJ/kg K 

State 2: Table B.4.1 

u 2 = 258.16 kJ/kg, 

s 2 = 0.9984 kJ/kg K 




: q 2 = (273 + 20) x (0.9984 - 1.0057) = -2.14 kJ/kg 
2 w 2 = iq 2 + u^ — u 2 = —2. 14 + 259. 1 8 — 258. 16 

= 1.12 kJ/kg 
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6.44 

A piston cylinder maintaining constant pressure contains 0.1 kg saturated liquid 
water at 100°C. It is now boiled to become saturated vapor in a reversible process. Find 
the work term and then the heat transfer from the energy equation. Find the heat transfer 
from the entropy equation, is it the same? 


Energy Eq.: 
Entropy Eq.: 


m(u 2 - u : ) = : Q 2 - iW 2 



Process: P = C => ] W 2 = m P(v 2 - Vj) = m P v fg 

= 0.1 kg x 101.3 kPa x 1.67185 m 3 /kg = 16.936 kj 
From the energy equation we get 

lQ 2 = m(u 2 - U!) + ,W 2 = m u fg + ,W 2 
= 0.1 x 2087.58 + 16.936 = 225.7 kJ 
or = m(h 2 - hj) = m hf g = 0.1 x 2257.03 = 225.7 kj 
From the entropy equation we can get 

lQ 2 = mT(s 2 - S]) = m T Sfg = 0. 1 x 373.15 x 6.048 = 225.68 kj 
So they are equal to within round off errors. 
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6.45 

A piston cylinder contains 0.25 kg of R-134a at 100 kPa. It will be compressed in an 

adiabatic reversible process to 400 kPa and should be 70°C. What should the initial 
temperature be? 

C.V. R-134a which is a control mass. 

Entropy Eq.6.3: m(s 2 - Sj) = J dQ/T = 0 

State 2: S 2 = Sj = 1.9051 kJ/kgK 

Work backwards from state 2 to state 1 
State 1: 100 kPa & Sj => T, = 26.4°C 
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6.46 

A piston/cylinder contains 0.5 kg of water at 200 kPa, 300°C, and it now cools to 
150°C in an isobaric process. The heat goes into a heat engine that rejects heat to the 
ambient at 25°C (shown in Fig. P.6.46), and the whole process is assumed to be 
reversible. Find the heat transfer out of the water and the work given out by the heat 
engine. 


c.v. h 2 o 

Energy Eq.3.5: m(u 2 - u x ) = jQ 2 - jW 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = I dQ/T +0 

Process: P = C => W = }PdV = P(V 2 - Vj) = m P (v 2 - vj) 

State 1: B.1.3 s 2 = 7.8926 kJ/kg-K, hj = 3071.79 kJ/kg 

State 2: B.1.3 s 2 = 7.2795 kJ/kg K, h 2 = 2768.8 kJ/kg 

From the process equation and the energy equation 

: Q 2 = m(u 2 - u : ) + jW 2 = m(h 2 - hj) = 0.5(2768.8 - 3071.79) 

= -151.495 kj 

CV Total 

Energy Eq.3.5: m(u 2 - Ul ) = - Q L - iW 2 - W HE 

Entropy Eq.6.3: m(s 2 - sQ = - Q T /T amh +0 

Ql = mT amb( s l - s 2) = 0.5 kg 298.15 K (7.8926 - 7.2795) kJ/kgK 
= 91.398 kJ 

Now the energy equation for the heat engine gives 

W HE = " 1 Q 2 - Ql = 151.495 - 91.398 = 60.1 kj 
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6.47 

A cylinder fitted with a piston contains ammonia at 50°C, 20% quality with a 
volume of 1 L. The ammonia expands slowly, and during this process heat is transferred 
to maintain a constant temperature. The process continues until all the liquid is gone. 
Determine the work and heat transfer for this process. 

Solution: 

C.V. Ammonia in the cylinder. 

Energy Eq.3.5: m(u 2 -u,)= ,Q 2 - ]W 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = J dQ/T +0 

Process: T = constant to x 2 = 1.0, P = constant = 2.033 MPa 

=> W = | P dV = P(V 2 -Vj) = mP (v 2 - Vi) 

=> | dQ/T = iQ 2 / T 




Table B. 2.1: T 1 =50°C, x : = 0.20, V 1 = 1L 

v j = 0.001777 + 0.2 x0. 06159 = 0.014095 m 3 /kg 
sj = 1.5121 + 0.2 x 3.2493 = 2.1620 kJ/kg K 
m = V]/ V ] = 0.001/0.014095 = 0.071 kg 

v 2 = v g = 0.06336 m 3 /kg, 
s 2 = s g = 4.7613 kJ/kg K 


: W 2 = Pm(v 2 - Vj) = 2033 x 0.071 x (0.06336 - 0.014095) = 7.11 kj 
From the entropy equation 

jQ 2 = Tm (s 2 - Sj) = 323.2 K x 0.071 kg (4.7613 - 2.1620) kJ/kg-K 

= 59.65 kj 

or !Q 2 = m(u 2 - u : ) + X W 2 = m(h 2 - hj) 

hj = 421.48 + 0.2 x 1050.01 = 631.48 kJ/kg, h 2 = 1471.49 kJ/kg 
: Q 2 = 0.071 kg (1471.49 - 631.48) kJ/kg = 59.65 kj 
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6.48 

Water in a piston/cylinder at 400°C, 2000 kPa is expanded in a reversible 
adiabatic process. The specific work is measured to be 415.72 kJ/kg out. Find the final P 
and T and show the P-v and the T-s diagram for the process. 

Solution: 

C.V. Water, which is a control mass. Adiabatic so: ^q 2 = 0 

Energy Eq.3.5: u 2 - u : = 2 q 2 - iw 2 = -i w 2 

Entropy Eq.6.3: s 2 - Sj= I dq/T =0 (= since reversible) 

State 1: Table B. 1.3 U} = 2945.21 kJ/kg; sj = 7.127 kJ/kg K 
State 2: (s, u): u 2 = Uj - : w 2 = 2945.21 - 415.72 = 2529.49 kJ/kg 

=> sat vapor 200 kPa, T = 120.23°C 
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6.49 

A piston/cylinder has 2 kg water at 1000 kPa, 200°C which is now cooled with a 
constant loading on the piston. This isobaric process ends when the water has reached a 
state of saturated liquid. Find the work and heat transfer and sketch the process in both a 
P-v and a T-s diagram. 

Solution: 

C.V. H 2 0 


Energy Eq.3.5: m(u 2 -ui)= ,Q 2 - ,W 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = I dQ/T 

Process: P = C => W = J P dV =P(V 2 -V 1 ) 

State 1: B.1.3 v 1= 0.20596 m 3 /kg, s 1= 6.6939 kJ/kg-K, u : = 2621.90 kJ/kg 

State 2: B. 1.2 v 2 = 0.001 127 m 3 /kg, s 2 = 2.1386 kJ/kg K, u 2 = 761.67 kJ/kg 
From the process equation 

jW 2 = m P (v 2 - Vl ) = 2 x 1000 (0.001 127 - 0.20596) = -409.7 kj 
From the energy equation we get 

jQ 2 = m(u 2 - u : ) + jW 2 = 2 (761.67 - 2621.90) - 409.7 = -4130.2 kj 
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6.50 

One kilogram of water at 300°C expands against a piston in a cylinder until it 
reaches ambient pressure, 100 kPa, at which point the water has a quality of 90.2%. It 
may be assumed that the expansion is reversible and adiabatic. What was the initial 
pressure in the cylinder and how much work is done by the water? 

Solution: 

C.V. Water. Process: Rev., Q = 0 
Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - iW 2 = - : W 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = J dQ/T 

Process: Adiabatic Q = 0 and reversible => s 2 = Sj 

State 2: P 2 = 100 kPa, x 2 = 0.902 from Table B. 1.2 

s 2 = 1.3026 + 0.902 x 6.0568 = 6.7658 kJ/kg K 
u 2 = 417.36 + 0.902 x 2088.7 = 2301.4 kJ/kg 
State 1 AtTi=300°C, sj = 6.7658 Find it in Table B. 1.3 

=> P : = 2000 kPa, u : = 2772.6 kl/kg 

From the energy equation 

X W 2 = m(u! - u 2 ) = 1(2772.6 - 2301.4) = 471.2 kj 
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6.51 

Water at 1000 kPa, 250°C is brought to saturated vapor in a rigid container, 
shown in Fig. P8.54. Find the final T and the specific heat transfer in this isometric 
process. 

Solution: 

Energy Eq.3.5: u 2 - Uj = : q 2 - : w 2 

Entropy Eq.6.3: s 2 — S] = J dq/T 

Process: v = constant => jw 2 = 0 

State 1: (T, P) Table B.1.3 Uj = 2709.91 kJ/kg, Vj = 0.23268 m 3 /kg 
State 2: x = 1 and v 2 = so from Table B. 1.1 we see P 2 = 800 kPa 
T 2 = 170 + 5 x (0.23268 - 0.24283)/(0.2168 - 0.24283) 

= 170 + 5 x 0.38993 = 171.95°C 
u 2 = 2576.46 + 0.38993 x (2580.19 - 2576.46) = 2577.9 kJ/kg 
From the energy equation 

: q 2 = u 2 - uj = 2577.9 - 2709.91 = -132 kJ/kg 




Notice to get iq 2 = J T ds we must know the function T(s) which we do 
not readily have for this process. 
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6.52 

Estimate the specific heat transfer from the area in the T-s diagram and compare it 
to the correct value for the states and process in Problem 6.51. 

Solution: 

Energy Eq.3.5: u 2 -u l = : q 2 - iw 2 

Entropy Eq.6.3: s 2 - s ] = I dq/T 

Process: v = constant => j\v 2 = 0 

State 1: (T, P) Table B.1.3 u : = 2709.91 kJ/kg, v, = 0.23268 m 3 /kg, 

s j = 6.9246 kJ/kg K 

State 2: x = 1 and v 2 = v 1 so from Table B. 1.1 we see P 2 = 800 kPa 
T 2 = 170 + 5 x (0.23268 - 0.24283)/(0.2168 - 0.24283) 

= 170 + 5 x 0.38993 = 171.95°C 
u 2 = 2576.46 + 0.38993 x (2580.19 - 2576.46) = 2577.9 kJ/kg 
s 2 = 6.6663 + 0.38993 (6.6256 - 6.6663) = 6.6504 kJ/kg K 
From the energy equation 

192 actual = u 2 - u 2 = 2577.9 - 2709.91 = -132 kJ/kg 
Assume a linear variation of T versus s. 

192 = 1 T ds = area = \ (Tj + T 2 )(s 2 - s 2 ) 

= \ (171.95 + (2 x 273.15) + 250) K (6.6504 - 6.9246) kJ/kg-K 

= -132.74 kJ/kg 

very close i.e. the v = C curve is close to a straight line in the T-s diagram. 
Look at the constant v curves in Fig. E.l. In the two-phase region they curve 
slightly and more so in the region above the critical point. 
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6.53 

A closed tank, V = 10 L, containing 5 kg of water initially at 25°C, is heated to 
150°C by a heat pump that is receiving heat from the surroundings at 25°C. Assume that 
this process is reversible. Find the heat transfer to the water and the change in entropy. 

Solution: 

C.V.: Water from state 1 to state 2. 

Energy Eq. 3. 5: m(u 2 - up = jQ 2 - jW 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = J dQ/T 

Process: constant volume (reversible isometric) so ^W 2 = 0 


State 1: v^ = V/m = 0.002 from Table B.1.1 

Xj = (0.002 - 0.001003)/43.358 = 0.000023 
uj = 104.86 + 0.000023 x 2304.9 = 104.93 kJ/kg 
sj = 0.3673 + 0.000023 x 8.1905 = 0.36759 kJ/kg K 
Continuity eq. (same mass) and V = C fixes v 2 
State 2: T 2 , v 2 = vj so from Table B.1.1 

x 2 = (0.002 - 0.001090)/0. 39169 = 0.0023233 
u 2 = 631.66 + 0.0023233 x 1927.87 = 636.14 kJ/kg 
s 2 = 1.8417 + 0.0023233 x 4.9960 = 1.8533 kJ/kg K 

Energy eq. has W = 0, thus provides heat transfer as 
1 Q 2 = m(u 2 - up = 2656.05 kJ 

The entropy change becomes 

m(s 2 - sj) = 5(1.8533 - 0.36759) = 7.4286 kJ/K 


A p At 




Notice we do not perform the integration j dQ/T to find change in s as the 
equation for the dQ as a function of T is not known. 
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6.54 

A piston/cylinder has 2 kg of R-410A at 60°C, 100 kPa which is compressed to 
1000 kPa. The process happens so slowly that the temperature is constant. Find the heat 
transfer and work for the process assuming it to be reversible. 

Solution: 

CV : R-410A Control Mass 
Energy Eq.3.5: m(u 2 - u : ) = X Q 2 - : W 2 ; 

Entropy Eq. 6. 3: m(s 2 - Sj) = I dQ/T 

Process: T = constant and assume reversible process 

1: (T,P), Table B.4.2: v : = 0.37833 m 3 /kg, u : = 309.4 kJ/kg, 

Sj = 1.4910 kJ/kgK 

2: (T,P), Table B.4.2: v 2 = 0.03470 m 3 /kg, u 2 = 301.04 kJ/kg, 

s 2 = 1.2019 kJ/kgK 



From the entropy equation (2nd law) 

jQ 2 = mT(s 2 - sj) = 2 kg x 333.15 K x (1.2019 - 1.4910) kJ/kg-K 

= -192.63 kj 

From the energy equation 

jW 2 = jQ 2 - m(u 2 - uj) = -192.63 kJ - 2 kg x (301.04 - 309.4) kJ/kg 

= -175.9 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


6.55 

A heavily insulated cylinder/piston contains ammonia at 1200 kPa, 60°C. The 
piston is moved, expanding the ammonia in a reversible process until the temperature is 
-20°C. During the process 200 kJ of work is given out by the ammonia. What was the 
initial volume of the cylinder? 

C.V. ammonia. Control mass with no heat transfer. 

State 1: Table B.2.2 V| = 0.1238 m 3 /kg, Sj = 5.2357 kJ/kg K 
Ul = 1404.8 kJ/kg 

Entropy Eq.: m(s 2 - = \ dQ/T + ,S 2 gen 

Process: reversible (jS 2 gen = 0) and adiabatic (dQ = 0) => s 2 = S] 



State 2: T 2 , s 2 => x 2 = (5.2357 - 0.3657)/5.2498 = 0.928 
u 2 = 88.76 + 0.928x1210.7 = 121 1.95 kJ/kg 
jQ 2 = 0 = m(u 2 - uj) + 1 W 2 = m(1211.95- 1404.8) + 200 
=> m = 1.037 kg 

= mvj = 1.037 x 0.1238 = 0.1284 m 3 
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6.56 

Water at 1000 kPa, 250°C is brought to saturated vapor in a piston/cylinder with 
an isothermal process. Find the specific work and heat transfer. Estimate the specific 
work from the area in the P-v diagram and compare it to the correct value. 

Solution: 

Continuity Eq.: mo = mj = m ; 

Energy Eq.3.5 m(u 2 - u 2 ) = X Q 2 - {W 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = j dQ/T 

Process: T = constant, reversible 
State 1: Table B.1.3: 

vj = 0.23268 m 3 /kg; u : = 2709.91 kJ/kg; Sl = 6.9246 kJ/kg K 
State 2: (T, x) Table B. 1.1 P 2 = 3973 kPa 

v 2 = 0.05013 m 3 /kg, u 2 = 2602.37 kJ/kg, s 2 = 6.0729 kJ/kg K 



From the entropy equation 

jq 2 = I T ds = T(s 2 - Si) = (250 + 273) (6.0729 - 6.9246) = -445.6 kJ/kg 
From the energy equation 

I w 2 = ( q 2 + uj - u 2 = -445.6 + 2709.91 - 2602.37 = -338 kJ/kg 
Estimation of the work term from the area in the P-v diagram 

1 w 2 area = \ (Pi+P 2 )(v 2 - Vj) = ^(1000 + 3973)(0.05013 - 0.23268) 

= -454 kJ/kg 

Not extremely accurate estimate; P-v curve not linear more like Pv = constant 
as curve has positive curvature the linear variation over-estimates area. 
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6.57 

A rigid, insulated vessel contains superheated vapor steam at 3 MPa, 400°C. A 
valve on the vessel is opened, allowing steam to escape. The overall process is 
irreversible, but the steam remaining inside the vessel goes through a reversible adiabatic 
expansion. Determine the fraction of steam that has escaped, when the final state inside is 
saturated vapor. 

C.V.: steam remaining inside tank. Rev. & Adiabatic (inside only) 

Continuity Eq.: m 2 = lrq = m ; 

Energy Eq.: m(u 2 - Uj) = jQ 2 - jW 2 

Entropy Eq.: m(s 2 — Sj) = J dQ/T + jS 2 gen 



Rev (iS 2gen = 0) Adiabatic ( Q = 0) => s 2 = Sj = 6.9212 = s G at T 2 


T 2 = 141°C, v 2 = v g at T2 = 0.4972 m 3 /kg 


m e m!-m 2 
m2 ~~ m2 


^2 M 0.09936 
“ 1 ' m : “ 1 " v 2 “ 1 ' 0.4972 


= 0.80 
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6.58 

Water at 100 kPa, 25 °C is brought to the boiling point in a piston/cylinder with an 
isobaric process. The heat is supplied by a heat pump with the cold side at the ambient 
temperature of 25°C. Assume that the whole process is reversible and find the work input 
to the heat pump per kg of water. 

C.V. H 2 0 

Energy Eq.3.5: u 2 - U! = iq 2 ~ l w 2 

Entropy Eq.6.3: s 2 — Sj = j dq/T + 0 

Process: P = C => w = I P dv = P(v 2 - Vj) 

State 1: B.1.1 sj = 0.3673 kJ/kg-K, hj = 104.87 kJ/kg 

State 2: B.1.2 s 2 = 1.3025 kJ/kg K, h 2 = 417.44 kJ/kg 
From the process equation and the energy equation 

iq 2 = u 2 - u 1 + jw 2 = h 2 — h | = 417.44 - 104.87 = 312.57 kJ/kg 


CV Total 

Energy Eq.3.5: u 2 - Uj = q L - iw 2 + w HP 

Entropy Eq.6.3: s 2 - s x = qi/T amb + 0 

q L = T amb (s 2 - sj) = 298.15 K (1.3025 - 0.3673) kJ/kgK 
= 278.83 kJ/kg 

Now the energy equation for the heat engine gives 

w Hp = iq2 - qL = 312.57 - 278.83 = 33.74 kJ/kg 
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6.59 

Water at 1000 kPa, 200°C is brought to saturated vapor in a piston/cylinder with 
an isobaric process. Find the specific work and heat transfer. Estimate the specific heat 
transfer from the area in the T-s diagram and compare it to the correct value. 

Solution: 

C.V. H 2 0 

Energy Eq.3.5: u 2 - Uj = : q 2 - : w 2 

Entropy Eq.6.3: s 2 — Sj = J dq/T 

Process: P = C => w = I P dv = P(v 2 - vj) 

State 1: B.1.3 v 1= 0.20596 m 3 /kg, s 1= 6.6939 kJ/kg-K, uj = 2621.90 kJ/kg 

State 2: B1.3 v 2 = 0.19444 m 3 /kg, s 2 = 6.5864 kJ/kg K, u 2 = 2583.64 kJ/kg 

T 2 = 179.91°C 
From the process equation 

jw 2 = P (v 2 - Vj) = 1000 kPa (0.19444 - 0.20596) m 3 /kg = -11.52 kJ/kg 
From the energy equation 

1 q 2 = u 2 -u 1 + jw 2 = 2583.64 -2621.90- 11.52 = -49.78 kJ/kg 
Now estimate the heat transfer from the T-s diagram. 

iq 2 = 1 T ds = AREA = \ (Tj + T 2 )(s 2 - s^ 

= \ (200+ 179.91 + 2x 273. 15) Kx (6.5864 -6.6939) kJ/kg-K 

= 463.105 x (-0.1075) = -49.78 kJ/kg 

very close approximation. The P = C curve in the T-s diagram is nearly a 
straight line. Look at the constant P curves on Fig.E.l. Up over the critical 
point they curve significantly. 
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Entropy of a liquid or a solid 
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6.60 

Two 5 kg blocks of steel, one at 250°C the other at 25°C, come in thermal 
contact. Find the final temperature and the change in entropy of the steel? 

C.V. Both blocks, no external heat transfer, C from Table A. 3. 

Energy Eq.: U 2 - U : = m A (u 2 - uj) A + m B (u 2 - u r ) B = 0-0 

= m A C(T 2 -T A1 ) +m B C(T 2 -T B1 ) 


m A T Al + m B T Bl 1 _ 1 _ 

To — — /-) Ta 1 + ^ Tdi 

z m A + m B 2 A1 2 151 


= 137.5°C 


Entropy Eq.6.37: S 2 - Sj = m A (s 2 - Sj) A + m B (s 2 - s^ B = jS 2 gen 

Entropy changes from Eq.6.11 


t 2 

S 2 - Sj = m A C In j + m B C In 

A. 1 


Tfll 


137.5 + 273.15 137.5 + 273.15 

= 5 x 0.46 In rr~ + 5 x 0.46 In — 


250 + 273.15 
= -0.5569 + 0.7363 = 0.1794 kJ/K 


298.15 



Heat transfer over a finite 
temperature difference is an 
irreversible process 
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6.61 

A rigid tank of 1.2 kg steel contains 1.5 kg of R- 134a at 40°C, 500 kPa. The tank 

is placed in a refrigerator that brings it to -20°C. Find the process heat transfer and the 
combined steel and R-134a change in entropy. 

C.V. The steel tank and the R-134a. 

The energy equation, Eq. 3.5 now becomes (summing over the mass) 

m st ( u 2 “ u 1 ) st + m R134a ( u 2 “ u l)R134a = 1Q2 ' 0 
Process: No change in volume so no work as used above. 

Use specific heat from Table A. 3 for steel and Table B.5 for R-134a 

R-134a: vj = 0.04656 m 3 /kg, uj = 407.44 kJ/kg, sj = 1.7971 kJ/kgK 

0.04656 - 0.000738 

State 2: v 2 = v : < v g => x 2 = (v 2 - v f )/v fg = 0. 14 576 = 0314366 

u 2 = Uf + x 2 Uf g = 173.65 + x 2 x 192.85 = 234.275 kJ/kg 
s 2 = Sf + x 2 Sfg = 0.9007 + x 2 x 0.8388 = 1.16439 kJ/kg-K 
Now the heat transfer from the energy equation 

tQ 2 = m R134a( u 2 “ u l)R134a + m st C st ( T 2 ~ T l) 

= 1.5x (234.275 - 407.44) + 1.2 x 0.46 (-20 - 40) = -292.87 kj 

253.15 

Steel: m st (s 2 - Sj) st = m st C st In (T 2 /T|) = 1.2x0.46 In ^3 ^ = -0.11741 kJ/K 

Entropy change for the total control volume steel and R-134a 
S 2 - Si = m st (s 2 - S!) st + m R134a (s 2 - S]) R1 34 a 

= -0.11741 + 1.5(1.16439- 1.7971) = -1.066 kJ/K 
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6.62 

A large slab of concrete, 5 x 8 x 0.3 m, is used as a thermal storage mass in a 
solar-heated house. If the slab cools overnight from 23°C to 18°C in an 18°C house, what 
is the net entropy change associated with this process? 


Solution: 

C.V.: Control mass concrete. 

V = 5 x 8 x 0.3 = 12 m 3 
m = pV = 2200 x 12 = 26 400 kg 


Energy Eq.: m(u 2 - uj) = jQ 2 - : W 2 



1Q2 

Entropy Eq.: m(s 2 - Sl ) = + jS 2 gen 

Process: V = constant so ( W 2 = 0 

Use heat capacity (Table A. 3) for change in u of the slab 

jQ 2 = mCAT = 26400 kg x 0.88 kJ/kg-K x (-5) K = -116 160 kJ 
We add all the storage changes as in Eq.6.39: 


A S s lab = m (S2 * 



= m C In 


12 

Ti 


291.2 

= 26400 kg x 0.88 kJ/kg-K x In 295^ = -395.5 kJ/K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


6.63 

A foundry form box with 25 kg of 200°C hot sand is dumped into a bucket with 
50 L water at 15°C. Assuming no heat transfer with the surroundings and no boiling away 
of liquid water, calculate the net entropy change for the mass. 

Solution: 

C.V. Sand and water, constant pressure process 

m sand( u 2 - u l)sand + m H 2 o( u 2 ' u i)h 2 0 = - P ( V 2 ' V l) 

=> m sand A h sand + m H2 oAh H2 Q = 0 

For this problem we could also have said that the work is nearly zero as the 
solid sand and the liquid water will not change volume to any measurable 
extent. Now we get changes in u's instead of h's. For these phases C v = C P = 

C which is a consequence of the incompressibility. Now the energy equation 
becomes 


m s an d s a n d ^ P s a n d m H 2 0^-'H 2 0^ rp H 2 0 P 

25 kg x 0.8 kJ/kg-K x(T 2 - 200) K 

+ (50xl0‘ 3 m 3 / 0.001001 m 3 /kg) x 4.184 kJ/kg-K x (T 2 - 15) K = 0 
T 2 = 31.2°C 


S 2 - Si - m sand ( s 2 - Sj) + m H20 ( s 2 - Sj) 


“ m sand C sand l n ( T 2 /T l) + m H20 C H20 ln(T 2 /T,) 


= 25 X 0.8 In 


' 304.3 3 
l473.15j 


+ 49.95 x 4. 184 In 


f 304.3 3 

I288.I5J 


= 2.57 kJ/K 


Box holds the sand for 
form of the cast part 
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6.64 

Heat transfer to a block of 1.5 kg ice at -10°C melts it to liquid at 10°C in a 
kitchen. Find the entropy change of the water. 

Water changes state from nearly saturated solid to nearly saturated liquid. The 
pressure is 101 kPa but we approximate the state properties with saturated state at the 
same temperature. 


State 1: Compressed (saturated) solid, B.1.5, Sj = -1.2995 kJ/kg-K 
State 2: Compressed (saturated) liquid B.1.1 s 2 = 0.1510 kJ/kg-K 

The entropy change is 

As = s 2 - sj = 0.151 -(-1.2995) = 1.4505 kJ/kg-K 
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6.65 

In a sink 5 liters of water at 70°C is combined with 1 kg aluminum pots, 1 kg of 

flatware (steel) and 1 kg of glass all put in at 20°C. What is the final uniform temperature 
and change in stored entropy neglecting any heat loss and work? 


Energy Eq.: U 2 - Uj = ^mj(u 2 - u^ = ,Q 2 - jW 2 = 0 

Entropy Eq.: S 2 - Sj = 1 dQ/T + jS 2 gen 

For the water: v f = 0.001023 m 3 /kg, V = 5 L = 0.005 m 3 ; m = V/v = 4.8876 kg 

For the liquid and the metal masses we will use the specific heats (Tbl A.3, A.4) 
so 


Z m i(u 2 - Ui)i = X m i C v i ( T 2 - T l)i = T 2Z m i C v i - Z m i C v i T l i 
noticing that all masses have the same T 2 but not same initial T. 


£ mi C v j = 4.8876 x 4.18 + 1 x 0.9 + 1 x 0.46 + 1 x 0.8 = 22.59 kJ/K 

Energy Eq.: 22.59 T 2 = 4.8876 x 4.18 x 70 + (lx 0.9 + lx 0.46 + lx 0.8) x 20 

= 1430.11 +43.2 
T 2 = 65.2°C 




— Si)i =Zm i C i ln 


12 

Tit 


= 4.8876 x 4.18 x In 


65.22 + 273.15 
70 + 273.15 


+ 1 x (0.9 + 0.46 


65.22 + 273.15 
+ 0.8) In 20 + 273.15 


= -0.28659 + 0.30986 = 0.02327 kJ/K 
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6.66 

A piston cylinder has constant pressure of 2000 kPa with water at 20°C. It is now 

heated up to 100°C. Find the heat transfer and the entropy change using the steam tables. 
Repeat the calculation using constant heat capacity and incompressibility. 

Solution: 

C.V. Water. Constant pressure heating. 

Energy Eq.3.5: u 2 - Ui = ^ - iW 2 


Entropy Eq.6.37: s 2 - Sj = : q 2 / T SOURCE + is 2 gen 

Process: P = P 1 => jw 2 = P(v 2 - Vj) 

The energy equation then gives the heat transfer as 


102= u 2 - U 1 + l w 2 


h 2 " h t 


Steam Tables B. 1.4: h 1 = 85.82 kJ/kg; Sj= 0.2962 kJ/kg K 


h 2 = 420.45 kJ/kg; s 2 = 1.3053 kJ/kg K 
,q 2 = h 2 - hj= -85.82 + 420.45 = 334.63 kJ/kg 
s 2 - s 1= 1.3053 - 0.2962 = 1.0091 kJ/kg K 


Now using values from Table A.4: Liquid water C p = 4.18 kJ/kg K 
h 2 - hj = C p (T 2 - Tj) = 4.18 x 80 = 334.4 kJ/kg 

373 15 

s 2 - sj = C p ln(T 2 /T , ) = 4.18 In 2g3 lg = 1.0086 kJ/kg K 
Approximations are very good 
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6.67 

A 4 L jug of milk at 25 °C is placed in your refrigerator where it is cooled down to 
the refrigerators inside constant temperature of 5°C. Assume the milk has the property of 
liquid water and find the entropy change of the milk. 

Solution: 

C.V. Jug of milk. Control mass at constant pressure. 

Continuity Eq.: m 2 = irq = m ; 

Energy Eq.3.5: m(u 2 -Ui)= ,Q 2 - |W 2 

Entropy Eq.6.37: m(s 2 - Sj) = I dQ/T + |S 2 gen 

State 1: Table B. 1.1: Vj = v f = 0.001003 m 3 /kg, s f = 0.3673 kJ/kg K 

m = V/v = 0.004 m 3 / 0.001003 (m 3 /kg) = 3.988 kg 
State 2: Table B. 1.1: s = s f = 0.0761 kJ/kg K 

The change of entropy becomes 

S 2 - Sj= m(s 2 - sj) = 3.988 kg (0.0761 - 0.3673) kJ/kg-K 

= - 1.1613 kJ/K 
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6.68 

A constant pressure container of 1.2 kg steel contains 1.5 kg of R-134a at 40°C, 

500 kPa. The container is placed in a refrigerator that brings it to -20°C. Find the process 
heat transfer and the combined steel and R-134a change in entropy. 

C.V. The steel container and the R-134a. 

The energy equation, Eq. 3.5 now becomes (summing over the mass) 

m st ( u 2 - u l)st + m R134a ( u 2 “ u l)R134a = 1Q2 ‘ 1 W 2 
Process: P = Cso iW 2 = P (V 2 - VO = P m R134a (v 2 - v 1 ) R134a 

Substitute the work into the energy eqution and we combine the R-134a terms 

lQ2 = m R134a( h 2 “ hi)Ri34a + m st C st (T 2 - Tj) 

Use specific heat from Table A. 3 for steel and Table B.5 for R-134a 

R-134a: vj = 0.04656 m 3 /kg, hj = 430.72 kJ/kg, sj = 1.7971 kJ/kgK 

State 2: 500 kPa, -20°C compressed liquid. 

v 2 = 0.000738, s 2 = s f = 0.9007 kJ/kg-K 

h 2 = h f + APv = 173.74 + (500-133.7) x 0.000738 = 174.0 kJ/kg 

notice how the correction for P higher than Psat is small 
Now the heat transfer from the energy equation 

lQ2 = m R134a( h 2 - h l) R13 4a + m st Qt ( T 2 “ T l) 

= 1.5x (174.0 - 430.72) + 1.2 x 0.46 (-20 - 40) = -418.2 kj 

253.15 

Steel: m st (s 2 - Sj) st = m st C st In (T 2 /T|) = 1.2x0.46 In ^ ^ ^ = -0.11741 kJ/kgK 

Entropy change for the total control volume steel and R-134a 
S 2 - s i = m st (s 2 - sj) st + m R134a (s 2 - S]) R134a 

= -0.11741 + 1.5(0.9007- 1.7971) = -1.462 kJ/K 
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6.69 

A 10-kg steel container is cured at 500°C. An amount of liquid water at 15°C, 100 
kPa is added to the container so a final uniform temperature of the steel and the water 

becomes 50°C. Neglect any water that might evaporate during the process and any air in 
the container. How much water should be added and how much was the entropy 
changed? 

CV. The steel and the water no external heat transfer nor any work. 

Energy Eq.: m H2Q ( u 2 - u, ) H2Q + m st ( u 2 - uj) = 0 

m H2o ( 209.3 - 62.98) + m st C ( T 2 - Tj) = 0 


m H20 x 146.32 kJ/kg + 10 x 0.46 x (50 - 500) kJ = 0 

m H20 = 2070/146.32 = 14.147 kg 
Entropy Eq. 6.37: m H20 ( s^) + m st ( s 2 - s 2 ) = 0 + : S 2 gen 

S 2 - Sj = 14.147 kg (0.7037 - 0.2245) kJ/kg-K + 10kg x 0.46 kJ/kg-K x In 5 °ff 3 
= 6.7792 - 4.0141 = 2.7651 kJ/K 
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6.70 

A pan in an autoshop contains 5 L of engine oil at 20°C, 100 kPa. Now 3 L of hot 

100°C oil is mixed into the pan. Neglect any work term and find the final temperature 
and the entropy change. 

Solution: 

Since we have no information about the oil density, we assume the same for 

both from Table A. 4: p = 885 kg/m 3 

Energy Eq.: m 2 u 2 - m A u A - m B u B = 0 - 0 

Au = C V AT so same C v = 1.9 kJ/kg K for all oil states. 
m A m B 5 3 

To = T A + T b = e x 20 + g x 100 = 50.0°C = 323.15 K 

1 m 2 A m 2 a 8 8 

S 2 - Si = m 2 s 2 - m A s A - m B s B = m A (s 2 - s A ) + m B (s 2 - s B ) 

323.15 323.15 

= 0.005 x 885 x 1.9 In 293~p5 + 0-003 x 885 x 1.9 In 15 

= 0.8192 - 0.7257 = + 0.0935 kJ/K 


Entropy generation is the total change in S, recall Eq.6.39, no external Q 




Oils shown before 
mixed to final 
uniform state. 
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6.71 

A computer CPU chip consists of 50 g silicon, 20 g copper, 50 g polyvinyl 

chloride (plastic). It heats from 15°C to 75°C as the computer is turned on. How much 
did the entropy increase? 

C.V. CPU chip. The process has electrical work input and no heat transfer. 

Entropy Eq.: S 2 - S : = X m i( s 2 - spi = I dQ/T + ,S 2 gen = iS 2 gen 

For the solid masses we will use the specific heats, Table A. 3, and they all have 
the same temperature so 

X m i( s 2 - s l)i = Z m i C i ln ( T 2 / T l)i = ln ( T 2 >rr i) Z m i C i 
^mjCi = 0.05 x 0.7 + 0.02 x 0.42 + 0.05 x 0.96 = 0.0914 kJ/K 

S 2 - Sj = 0.0914 kJ/K x In (348.15 / 288.15) = 0.0173 kJ/K 
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6.72 

A 5 -kg aluminum radiator holds 2 kg of liquid R-134a at -10°C. The setup is 
brought indoors and heated with 220 kJ. Find the final temperature and the change in 
entropy of all the mass. 

Solution: 

C.V. The aluminum radiator and the R-134a. 

Energy Eq. 3. 5: m 2 u 2 - m^i = iQ 2 - 0 

Process: No change in volume so no work as used above. 

The energy equation now becomes (summing over the mass) 

m al ( u 2 " u 1 )al + m R134a ( u 2 ' u l)R134a = 1Q2 
Use specific heat from Table A. 3 and A. 4 

m al C al ( T 2 ' T l) + m R134a C R134a hi (T 2 - T^ = : Q 2 

T 2 - T 1 = 1Q2 / [ m al C al + m R134a C R134a 1 

= 220 kJ/ [5 X 0.9 + 2 X 1.43] kJ/K = 29.89°C 

T 2 = -10 + 29.89 = 19.89°C 

Entropy change for solid (A. 3) and liquid (A.4) from Eq.6.1 1 
S 2 - Si = m al (s 2 - S!) al + m R134a (s 2 - s^r^-j 

= m al C al In ( T 2 /T i) + m R134a C R134a l n ( T 2 /T l) 

(19.89 + 273.15) 

= (5 x 0.9 + 2 x 1.43) kJ/K In _ 10 + 2 73 15 

= 0.792 kJ/K 
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6.73 

A 12 kg steel container has 0.2 kg superheated water vapor at 1000 kPa, both at 

200°C. The total mass is now cooled to ambient temperature 30°C. How much heat 
transfer was taken out and what is the steel-water entropy change? 

Solution: 

C.V.: Steel and the water, control mass of constant volume. 

Energy Eq.3.5: U 2 - Uj = jQ 2 - iW 2 


Process: 

V = constant => 

iW 2 = o 


State 1: 

H 2 0 Table B. 1.3: 

uj = 2621.9 kJ/kg, vj 
Sj = 6.6939 kJ/kg K 

= 0.20596 m 3 /kg, 

State 2: 

H 2 0: T 2 ,v 2 = Vi 

=> from Table B.1.1 



v-Vf 0.20596-0.001004 

x 2 = = TTervvT = 0.00623 1 

2 v fa 32.8922 

u 2 = 125.77 + x 2 x 2290.81 = 140.04 kJ/kg 

s 2 = 0.4369 + x 2 x 8.0164 = 0.48685 kJ/kg K 


iQ 2 = m ( u 2 _ u l) = m steel C steel ( T 2 ~ T 1 ) + m H20 ( u 2 ' u l) H20 

= 12 kg x 0.46 kJ/kg-K (30 - 200) K + 0.2 kg(140.04 -2621.9) kJ/kg 

= -1434.8 kj 

Entropy changes from Eq.6. 1 1 and the water tables 

t 2 

S 2 - Si - m 2 s 2 - m^! - m steel C steel In ( T ) + m H2G (s 2 - Sj) H20 

=12 x 0.46 kJ/K xln ( ) + 0.2 kg (0.48685 - 6.6939) kJ/kg-K 

= -2.4574- 1.2414 

= -3.699 kJ/K 
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6.74 

Find the total work the heat engine can give out as it receives energy from the 
rock bed as described in Problem 5.60 (see Fig.P 6.74). Hint: write the entropy balance 
equation for the control volume that is the combination of the rock bed and the heat 
engine. 

Solution: 

To get the work we must integrate over the process or do the 2 nd law for a 

control volume around the whole setup out to T 0 

C.V. Heat engine plus rock bed out to T 0 . W and Q L goes out. 



Energy Eq.3.5: 
Entropy Eq. 6. 3, 11: 


(U 2 -U 1 ) rock = -Q L -W 

Ql T 2 

(S 2 — SQrock = “ = m C 111 ( ) 


= 5500 X 0.89 In 


290 

400 


= -1574.15 kJ/K 


Ql = - T 0 ( s 2 - s l)rock = -290 (-1574.15) = 456 504 kJ 
The energy drop of the rock -(U 2 - U i ) roc k equals Q H into heat engine 
(U 2 -U 1 ) rock = mC (T 2 -T : ) = 5500 x0.89 (290 - 400) = -538 450 kJ 
W = -(U 2 - U!) rock - Q l = 538450 - 456504 = 81 946 kJ 
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6.75 

Consider problem 6.60 if the two blocks of steel exchange energy through a heat 
engine similar to the setup in Problem 6.74. Find the work output of the heat engine. 

C.V. Both blocks, no external heat transfer, C from Table A. 3. 


Energy Eq.: U 2 - Uj = m A (u 2 - u : ) A + m B (u 2 - u : ) B = 0 - W 

= m A C(T 2 -T A1 ) +m B C(T 2 -T B1 ) 

Entropy Eq.6.37: S 2 - S : = m A (s 2 - sp A + m B (s 2 - Si) B = ,S 2 gen 

Process: Assume reversible then iS 2gen = 0 
Entropy changes from Eq.6.11 


t 2 

S 2 - Sj = m A C In j + m B C In 

A. 1 


Tbi 



Now solve for T 2 by combining the “In” terms as 

Tt \ m B /m A 


t 2 

0 = In ^ — + In 


T 


At 


(tA) 

V X B1 y 


r To / l 2 \ '"B'"‘A -I 

L Tai ' T B1 ) j 


= In 


To \ m B /m A 


So the factors inside the In function equal to one. The rewrite as 


T 


2 


To \ m B /m A 


T 


At 


(^) 

x A B1 7 


xa xr 

= 1 => t 2 = t. t. 


A1 B1 

x A = m A / (m A + m B ) ; x B = m B / (m A + m B ) 

In the actual case the two masses are the same so x A = x B = Vi and the result is 


T 2 =V T A1 T B1 = n/ 523. 15 x 298.15 = 394.94 K = 121. 8°C 
The work output comes from the energy equation 

W = m A C(T A1 - T 2 ) + m B C(T B1 - T 2 ) 

= 5 kg x 0.46 kJ/kg-K x [(250 - 121.8) + (25 - 121.8)] K 

= 72.2 kj 
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6.76 


Two kg of liquid lead initially at 400°C is poured into a form. It then cools at 


constant pressure down to room temperature of 20°C as heat is transferred to the room. 
The melting point of lead is 327°C and the enthalpy change between the phases, h i f , is 

24.6 kJ/kg. The specific heats are in Tables A. 3 and A. 4. Calculate the net entropy change 
for the mass. 

Solution: 

C.V. Lead, constant pressure process 

m Pb( u 2 ‘ u l)pb - 1Q2 ' P(^2 ' V]) 

We need to find changes in enthalpy (u + Pv) for each phase separately and then 
add the enthalpy change for the phase change. 

Consider the process in several steps: 

Cooling liquid to the melting temperature 

Solidification of the liquid to solid, recall s if = h if /T, see page 268 

Cooling of the solid to the final temperature 

1Q2 = m Pb( h 2 - h i) = m Pb (h 2 - h 32 7 iSO i - h if + h 32 7 j - h 400 ) 
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= 2 kg x [0.138 x (20 - 327) - 24.6 + 0.155 x (327 - 400)] kJ/kg 
= -84.732 - 49.2 - 22.63 = -156.56 kJ 


s 2 - Sj = m Pb [C p sol ln(T 2 /600) - (h if /600) + Cp^ln^OO/Tj)] 
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Entropy of ideal gases 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.77 


Air inside a rigid tank is heated from 300 to 
s i ? What if it is from 1300 to 1350 K? 

Process: V = C jW 2 = 0 


Entropy 

change from Eq.f 

>.17: 



t 2 


a) 

S2- 

Si — C vo In ( ) 

= 0.717 In 



t 2 


b) 

s 2“ 

Sl — Cy 0 In ( ) 

= 0.717 In 


350 K. Find the entropy increase s 2 - 


63503 

booj 


0.1105 kJ/kgK 


(\ 3503 
v 1300j 


= 0.02706 kJ/kgK 


From A. 7: 

case a) C v « Au / AT = 36/50 = 0.72 kJ/kg K , see A. 5 

case b) C v « Au / AT = 45.2/50 = 0.904 kJ/kg K (25 % higher) 
so result should have been 0.0341 kJ/kgK 
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6.78 

A rigid tank contains 1 kg methane at 500 K, 1500 kPa. It is now cooled down to 
300 K. Find the heat transfer and the change in entropy using ideal gas. 


Ideal gas, constant volume so there is no work. 

Energy Eq. 3.5: m(u 2 - u : ) = iQ 2 - iW 2 = : Q 2 

Use specific heat from Table A. 5 

u 2 - u : = C v (T 2 - Tj) = 1.736 (300 - 500) = -347.2 kJ/kg 
: Q 2 = m(u 2 - Ul ) = 1 (-347.2) = -347.2 kj 

The change in s for an ideal gas, Eqs.6.16-17 and v 2 = gives 

T 2 v 2 T 2 

m(s 2 - Sj) = m [ C vo In + R In — ] = m C vo In Tjr 

300 

= 1 kg x 1.736 kJ/kg-K In = - 0.8868 kJ/K 
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6.79 

Three kg of air is in a piston/cylinder keeping constant pressure at 27°C, 300 kPa. 
It is now heated to 500 K. Plot the process path in a T-s diagram and find the heat transfer 
in the process. 

Solution: 

CV Air, so this is a control mass. 

Energy Eq.3.5: U 2 - = m (u 2 - uj) = jQ 2 - jW 2 

Process: P = C so {W 2 = JPdV = Pj(V 2 - Vj) = m (Pv 2 - Pvj) 

State 1: T 1 ,P 1 ideal gas so PjV^mRTj 

State 2: T 2 , P 2 = P| and ideal gas so P 2 V 2 = mRT 2 
From the energy equation 

1Q2 = m ( u 2~ u l) + m ( Pv 2 - Pv l) = m (h 2 - hj) = mC Po (T 2 - Tj) 

= 3 kg x 1.004 kJ/kg-K x (500 - 300) K = 602.4 kj 




If we were to find the change in entropy we get 

s 2 - sj = C Po ln(T 2 / Tj) = 1.004 In (500/300) = 0.5129 kJ/kgK 
The process curve in the T-s diagram is: T = Tj exp[(s - S|)/C Po ] 
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6.80 

A piston/cylinder setup contains air at 100 kPa, 400 K which is compressed to a 
final pressure of 1000 kPa. Consider two different processes (i) a reversible adiabatic 
process and (ii) a reversible isothermal process. Show both processes in P-v and a T-s 
diagram. Find the final temperature and the specific work for both processes. 

Solution: 

C.V. Air, control mass of unknown size and mass. 

Energy Eq.3.5: u 2 - = x q 2 - iw 2 

Entropy Eq.6.3: s 2 -s 1 = j dq/T 

i) dq = 0 so iq 2 = 0 

ii) T = C so | dq/T = jq 2 /T 

i) For this process the entropy equation reduces to: 

s 2 — s i =0 so we have constant s, an isentropic process. 

The relation for an ideal gas, constant s and k becomes Eq.6.23 

k-1 0.4 

IT 0 000) TT 0.28575 

T 2 = Tj( P 2 / Pj) k = 400 (jjqq-J L4 = 400 x 10 = 772 K 

From the energy equation we get the work term 

jw 2 = Ul - u 2 = C v (Tj - T 2 ) = 0.717(400 - 772) = -266.7 kj/kg 

ii) For this process T 2 = T 1 so since ideal gas we get 

u 2 = uj also Sj 2 = Sjj => Energy Eq.: jw 2 = jq 2 

Now from the entropy equation we solve for jq 2 

° ° P 2 P 2 

l w 2 = 102 = t ( s 2 - s l) = T[ s T2 - s T1 - R In = -RT In ^ 

= - 0.287 x 400 In 10 = -264 kj/kg 
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6.81 

Prove that the two relations for changes in s, Eqs.6.16 and 6.17 are equivalent 
once we assume constant specific heat. Hint: recall the relation for specific heat in Eq. 
3.42. 


From Eq. 3.42: C po = C vo + R 

t 2 p 2 

Start with Eq.6.16: S 2 - Sj = C po in - R in p - 

Now substitute Eq.3.42 to get: 

T 2 P 2 

s 2 - Si = (C vo + R) in - R in 

^ t 2 ^ P 2 t 2 

— Cy 0 ^ 'Pj - R [ in p — in .p ] 

T 2 P 2 Ti 

= C vo in -p — R in ( ) 


Use the ideal gas law Pv = RT for both states to get the ratio 

P 2 v 2 P : v ! P 2 T! Vi 

■=> 


RT 2 “ RT, 

so then we get to Eq. 6.17 as 


P 1 T 2 v 2 


VO 


T 2 

V 1 

ill rj. 

-Rln — 

Ti 

v 2 

, T 2 

, v 2 

in T 

+ R in — 

T 1 

V 1 
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6.82 

A closed rigid container is filled with 1.5 kg water at 100 kPa, 55°C, 1 kg of 

stainless steel and 0.5 kg of PVC (polyvinyl chloride) both at 20°C and 0. 1 kg of hot air 
at 400 K, 100 kPa. It is now left alone, with no external heat transfer and no water 
vaporizes. Find the final temperature and the change in entropy of the masses. 


Energy Eq.: U 2 - U : = ^mj(u 2 - = : Q 2 - ,W 2 = 0 

Process: ^ 2 = 0 ; jW 2 = 0 

For the liquid and the metal masses we will use the specific heats (Tbl A. 3, A.4) 
so 

Z m i(u 2 - U!)i = X m i C v i ( T 2 - T l)i = T 2Z m i C v i - Z m i C v i T l i 
noticing that all masses have the same T 2 but not same initial T. 


£ mi C vi = 1.5 x 4.18 + 1 x 0.46 + 0.5 x 0.96 + 0.1 x 0.717 = 7.282 kJ/K 
Energy Eq.: 7.282 T 2 = 1.5 x 4.18 x 55 + (1 x 0.46 + 0.5 x 0.96) x 20 


+ 0.1 x 0.717 x (400 -273.15) = 372.745 kJ 
T 2 = 51.2°C = 324.3 K 

The change in entropy for the solids and liquid follow Eq.6. 1 1 and that for the 
ideal gas is from Eq.6. 16 or 6.17 or 6.19, we use here 6.17 since v 2 = Vj 


S 2 - S 1 = Z m i ( S 2 " s l)i = X C v i m i t ln ( T 2 / T l)i 1 

324.3 324.3 

= 1 .5 x 4. 1 8 In + 1 x 0.46 In 


328.15 


293.15 


324.3 324.3 

+ 0.5 x 0.96 In + 0. 1 x 0.7 17 In " 


293.15 


400 


= 0.00588 kJ/K 
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6.83 

Water at 150°C, 400 kPa, is brought to 1200°C in a constant pressure process. 
Find the change in the specific entropy, using a) the steam tables, b) the ideal gas water 
Table A. 8, and c) the specific heat from A. 5. 

Solution: 

a) 

State 1: Table B. 1.3 Superheated vapor s^ = 6.9299 U/kgK 
State 2: Table B. 1.3 s 2 = 9.7059 kJ/kgK 

s 2 - Sl = 9.7059 - 6.9299 = 2.776 kJ/kgK 



Table A.8 at 423.15 K: s£, = 11.13891 kJ/kgK 

Table A.8 at 1473.15 K: s^ = 13.86383 kJ/kgK 

o o „ . ± 2_ o o 

i 

1 


S2 - S | — St 2 Sti R In p — St 2 Sti 


S ° 2 - = 13.86383 - 11.13891 = 2.72492 kJ/kgK 


c) Table A.5: C po = 1.872 kJ/kgK 


T 2 1473.15 

s 2 - Sj ~ C po In ( ) = 1.872 In ( ^3 ^5 ) = 2.3352 kJ/kgK 


Notice how the average slope 
from 150°C to 1200°C is higher 
than the one at 25 °C ( = C po ) 
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6.84 

R-410A at 400 kPa is brought from 20°C to 120°C in a constant pressure process. 
Evaluate the change in specific entropy using Table B.4 and using ideal gas with C p = 

0.81 kJ/kgK. 


Table B.4.2 s, = 1.2108 kJ/kg-K, s 2 = 1.4788 kJ/kg-K 

s 2 - Sl = 1.4788 - 1.2108 = 0.268 kJ/kg-K 


Eq. 6.16: 


S 2-Sl 


T 2 393.15 

Cp 0 In = 0.81 In 293^5 = 0-238 kJ/kg-K 


Two explanations for the difference are as the average temperature is higher than 

25°C we could expect a higher value of the specific heat and secondly it is not an ideal 
gas (if you calculate Z = Pv/RT = 0.94). 
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6.85 

R-410A at 300 kPa, 20°C is brought to 200°C in a constant volume process. 
Evaluate the change in specific entropy using Table B.4 and using ideal gas with C v = 

0.695 kJ/kgK. 


Table B.4. 2 Sj = 1.2485 kJ/kg-K, v 1 = 0.10720 m 3 /kg 

S 2 = 1.6413 kJ/kg-K, v 2 = 0.10714 m 3 /kg at 500 kPa 

(very close, we could have interpolated between 400 and 500 kPa) 

s 2 - sj = 1.6413 - 1.2485 = 0.3928 kJ/kg-K 


Eq. 6.17: 


t 2 

s 2 - sj « C vo In 


0.695 In 


473.15 

293.15 


= 0.333 kJ/kg-K 


Two explanations for the difference are as the average temperature is higher than 

25°C we could expect a higher value of the specific heat and secondly it is not an ideal 
gas (if you calculate Z = Pv/RT = 0.96). 
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6.86 

Consider a small air pistol with a cylinder volume of 1 cm 3 at 250 kPa, 27°C. The 
bullet acts as a piston initially held by a trigger. The bullet is released so the air expands 
in an adiabatic process. If the pressure should be 120 kPa as the bullet leaves the cylinder 
find the final volume and the work done by the air. 

Solution: 

C.V. Air. Assume a reversible, adiabatic process. 

Energy Eq. 3. 5: u 2 -u 1 =0-}W 2 ; 

Entropy Eq.6.37: s 2 - Sj = j dq/T + |S 2 gen = 0 

State 1: (T^Pp State 2: (P 2 , ?) 

So we realize that one piece of information is needed to get state 2. 

Process: Adiabatic iq 2 = 0 Reversible is 2gen = 0 

With these two terms zero we have a zero for the entropy change. So this is a 

constant s (isentropic) expansion process giving s 2 = Sj. From Eq.6.23 


k-1 

T 2 = T i( p 2 / p i) k =300 


( 120 ' 

l250j 


04 

1.4 


= 300 X 0.48 


028575 


= 243.24 K 


The ideal gas law PV = mRT at both states leads to 

V 2 = Vj Pj T 2 /P 2 Tj = 1 x 250 x 243.24/120 x 300 = 1.689 cm 3 


The work term is from Eq.6.29 or Eq.4.4 with polytropic exponent n = k 

1 W 2 = yt^(P2V 2 -P 1 V 1 ) = YTT4 (120 x 1-689 - 250 x l)xl0‘ 6 kPam 3 

= 0.118 J 
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6.87 

Oxygen gas in a piston cylinder at 300 K, 100 kPa with volume 0.1 m is 
compressed in a reversible adiabatic process to a final temperature of 700 K. Find the 
final pressure and volume using Table A. 5 and repeat the process with Table A. 8. 

Solution: 

C.V. Air. Assume a reversible, adiabatic process. 

Energy Eq. 3. 5: u 2 - Uj = 0 - jw 2 ; 


Entropy Eq.6.37: 


S 2 -Si =jdq/T + js 2 g en = 0 


Process: Adiabatic iq 2 = 0 Reversible is 2gen = 0 

Properties: Table A. 5: k= 1.393 

With these two terms zero we have a zero for the entropy change. So this is a 
constant s (isentropic) expansion process. From Eq.6.23 


k 

P 2 = P 1 (T 2 /T 1 ) k - 1 = 


100 


77003 

booj 


1.393 

1-1.393 


= 2015 kPa 


Using the ideal gas law to eliminate P from this equation leads to Eq.6.24 

1 1 


1-k 


V 2 = V 1 (T 2 /T 1 ) 1 -"=0.1x 


77003 

v300j 


1 1 393 = 0.0116 m 3 


Using the ideal gas tables A. 8 we get 

s 2 - s i = Sj 2 - s^i - R ln(P 2 /Pi) = 0 or P 2 = P 1 exp[(Sj 2 - s^VR] 

P 2 = 100 exp[(7.2336 - 6.4168)/0.2598] = 2319.5 kPa 

o 700 100 t 

v 2 = Vi (T 2 / TjXPj/P^ = 0. 1 m 3 X 3QQ x = 0.010 m 3 
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6.88 

Air in a rigid tank is at 100 kPa, 300 K with a volume of 0.75 m 3 . The tank is 
heated to 400 K, state 2. Now one side of the tank acts as a piston, letting the air expand 

slowly at constant temperature to state 3 with a volume of 1.5 m 3 . Find the entropy at 
states 1, 2 and 3. 

Solution: 

100x0.75 kPam 3 

State 1: (P^Tj) m “ P l V l 7 RT l “ 0.287 x 300 kJ/kg _ 0-871 kg 
Process 1 to 2: Constant volume heating, dV = 0 => ^W 2 = 0 

State 2: T 2 , P 2 = Pi T 2 / Tj = 100 x 400 / 300 = 133.3 kPa 
Process 2 to 3: Isothermal expansion, dT = 0 => u 3 = u 2 and 
State 3: T 3 , P 3 = P 2 V 2 / V 3 = 133.3 x 0.75 / 1.5 = 66.67 kPa 

The entropy is generally used as a relative value with different reference states in 
different tables. We can use here the reference as in Table A.7 so 

s = Sj - R ln(P/P 0 ) 

where s^ is absolute entropy from A.7 at T and Pq = 100 kPa 
Sj = 6.86926 kJ/kgK which is at 300 K, 100 kPa 
s 2 = 7.15926 - 0.287 ln(133.3/100) = 7.07677 kJ/kgK 
s 3 = 7.15926 - 0.287 ln(66.67/100) = 7.27561 kJ/kgK 

To get total entropy for the given mass multiply with m = 0.871 kg, which will give 
( 5 . 9831 , 6 . 1639 , 6 . 3371 ) all in kJ/K. 
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6.89 

An insulated piston/cylinder setup contains carbon dioxide gas at 800 kPa, 300 K 
which is then compressed to 6 MPa in a reversible adiabatic process. Calculate the final 
temperature and the specific work using a) ideal gas tables A. 8 and b) using constant 
specific heats A. 5. 

Solution: 

C.V. C0 2 , a control mass undergoing a reversible, adiabatic process. 

Energy Eq. 3. 5: u 2 - uj = 0 - ^w 2 ; 

Entropy Eq.6.37: s 2 - Sj = J dq/T + |S 2 gen = 0 

Process: Adiabatic jq 2 = 0 Reversible is 2gen = 0 

State 1: (300 K, 800 kPa) State 2: (6000 kPa, ?) 

With two terms zero in the entropy equation we have a zero for the entropy 

change. So this is a constant s (isentropic) expansion process, s 2 = S\. 


a) Table A. 8 for C0 2 and Eq.6.19 


s 2 - S 1 = 0 = Sj 2 - Sji ~ R ln(P 2 /Pi) 


o o 


6000 

s T2 = s T1 + Rln^“= 4.8631 + 0.1889 In ^ = 5.2437 kJ/kg-K 


Now interpolate in A. 8 to find T 2 

T 2 = 450 + 50 (5.2437 - 5.2325)/(5.3375 - 5.2325) = 455.3 K 
: w 2 = -(u 2 - uj) = -(271 - 157.7) = -113.3 kj/kg 
b) Table A. 5: k= 1.289, C Vo = 0.653 kJ/kg K and now Eq. 6. 23 


To =T 


P 2 ^| k! ( 60003 0.224 


1 P 


k =300 


800 


= 471.1 K 


: w 2 = -CvoOrTj) = -0.653 kJ/kg-K (471.1 - 300)K = -111.7 kj/kg 
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6.90 

Extend the previous problem to solve using Table B.3. 

C.V. C0 2 , a control mass undergoing a reversible, adiabatic process. 
Energy Eq. 3. 5: u 2 - uj = 0 - ^w 2 ; 

Entropy Eq.6.37: s 2 - S| = J dq/T + ]S 2 gen = 0 

Process: Adiabatic jq 2 = 0 Reversible is 2gen = 0 

State 1: (300 K, 800 kPa) State 2: (6000 kPa, ?) 

With two terms zero in the entropy equation we have a zero for the entropy 
change. So this is a constant s (isentropic) expansion process, s 2 = Sj. 

From Table B.3.2: sj = 1.8240 kJ/kg-K, uj = 333.5 kJ/kg 

T 2 = 260. 7°C = 533.9 K, u 2 = 502.9 kJ/kg 

jw 2 = - (u 2 - Ul ) = -(502.9 - 333.5) = -169.4 kJ/kg 
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A handheld pump for a bicycle has a volume of 25 cm when fully extended. You 
now press the plunger (piston) in while holding your thumb over the exit hole so that an air 
pressure of 300 kPa is obtained. The outside atmosphere is at P 0 , T 0 . Consider two cases: (1) 

it is done quickly (~1 s), and (2) it is done very slowly (~1 h). 

a. State assumptions about the process for each case. 

b. Find the final volume and temperature for both cases. 

Solution: 

C.V. Air in pump. Assume that both cases result in a reversible process. 

State 1: P 0 , T 0 State 2: 300 kPa, ? 


One piece of information must resolve the ? for a state 2 property. 
Case I) Quickly means no time for heat transfer 

Q = 0, so a reversible adiabatic compression. 
u 2 - ui = - 1 w 2 ; s 2 - Si = I dq/T + js 2 gen = 0 


With constant s and constant heat capacity we use Eq.6.23 


k-1 


t 2 = T i ( p 2 / p i) =298 


300 3 




04 

1.4 


= 405.3 K 


101.325; 

Use ideal gas law PV = mRT at both states so ratio gives 


=> y 2 = P 1 V 1 T 2 /T 1 P 2 = 11.48 cm- 


Case II) Slowly, time for heat transfer so T = constant = T 0 . 

The process is then a reversible isothermal compression. 

T 2 = T 0 = 298 K => V 2 = V 1 P 1 /P 2 = 8.44 cm 3 
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A piston/cylinder, shown in Fig. P6.92, contains air at 1380 K, 15 MPa, with Vj = 

10 cm 3 , A cyl = 5 cm 2 . The piston is released, and just before the piston exits the end of 

the cylinder the pressure inside is 200 kPa. If the cylinder is insulated, what is its length? 
How much work is done by the air inside? 

Solution: 

C.V. Air, Cylinder is insulated so adiabatic, Q = 0. 

Continuity Eq.: m 2 = m 1 = m, 

Energy Eq.3.5: m(u 2 - u : ) = jQ 2 - jW 2 = - ,W 2 

Entropy Eq.6.37: m(s 2 - Sj) = J dQ/T + jS 2 gen = 0 + jS 2 gen 

State 1: (T b Pj) State 2: (P 2 , ?) 

So one piece of information is needed for the ?, assume reversible process. 
lS 2 gen = 0 => s 2 - s i = 0 (which is also Eq.6.3) 

State 1: Table A.7: uj = 1095.2 kJ/kg, s^j = 8.5115 kJ/kg K 

15000 x 10xl0' 6 

m = P : ' V j/RT i = o 287 x 1380 = °- 000379 k § 

State 2: P 2 and from Entropy eq.: s 2 = Sj so from Eq. 6. 19 

° o p 2 200 

s T2 = s T1 + R In pj-= 8.5115 + 0.287 In(y^j) = 7.2724 kJ/kg K 


Now interpolate in Table A.7 to get T 2 

T 2 = 440 + 20 (7.2724 - 7.25607)/(7.30142 - 7.25607) = 447.2 K 
u 2 = 315.64 + (330.31 - 315.64) 0.36 = 320.92 kJ/kg 

w T 2 P 1 10 x 447.2 x 15000 3 

v 2 - Y 1 Tl p 2 - 1380 x 200 “ 243 Cm 

=> L 2 = V 2 /A cyl = 243/5 = 48.6 cm 

iw 2 = uj - u 2 = 774.3 kJ/kg, jW 2 = m 1 w 2 = 0.2935 kj 
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Argon in a light bulb is at 90 kPa and 20°C when it is turned on and electric input 
now heats it to 60°C. Find the entropy increase of the argon gas. 

Solution: 

C.V. Argon gas. Neglect any heat transfer. 

Energy Eq.3.5: m(u 2 - Uj) = ,W 2 electrical in 

Entropy Eq.6.37: s 2 - Sj = J dq/T + 2 s 2 gen = 2 s 2 gen 

Process: v = constant and ideal gas => P 2 / Pi = T 2 /Tj 

Evaluate changes in s from Eq.6.16 or 8.17 

s 2 - sj = C p In (T/T^ - R In (P 2 / P : ) Eq.6.16 

= C p In (T/Tj) - R In (T 2 / Tj) = C v ln(T 2 /T,) Eq.6.17 

= 0.312 U/kg-K x In [ 20 + 273 J = 0*04 kj/kg K 



Since there was no heat transfer but work input all the change in s is 
generated by the process (irreversible conversion of W to internal energy) 
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We wish to obtain a supply of cold helium gas by applying the following 
technique. Helium contained in a cylinder at ambient conditions, 100 kPa, 20°C, 
is compressed in a reversible isothermal process to 600 kPa, after which the gas is 
expanded back to 100 kPa in a reversible adiabatic process. 

a. Show the process on a T-s diagram. 

b. Calculate the final temperature and the net work per kilogram of helium. 
Solution: 




b) The adiabatic reversible expansion gives constant s from the entropy equation 
Eq.6.37. With ideal gas and constant specific heat this gives relation in 
Eq.6.23 

k-1 

T 3 = T 2 (P 3 /P 2 ) k =293.15 (100/600) 0 ' 4 = 143.15 K 

The net work is summed up over the two processes. The isothermal process 
has work as Eq.6.31 

jw 2 = -RT : lnlP^Pi) = -2.0771 kJ/kg-K x 293.15 K x ln(600/100) 

= -1091.0 kJ/kg 

The adiabatic process has a work term from energy equation with no q 

2 w 3 = C Vo (T 2 -T 3 ) = 3.116 kJ/kg-K (293.15 - 143.15) K = +467.4 kJ/kg 

The net work is the sum 

w net = -1091.0 + 467.4 = -623.6 kJ/kg 
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A 1-m insulated, rigid tank contains air at 800 kPa, 25 °C. A valve on the tank is 
opened, and the pressure inside quickly drops to 150 kPa, at which point the valve is 
closed. Assuming that the air remaining inside has undergone a reversible adiabatic 
expansion, calculate the mass withdrawn during the process. 

Solution: 

C.V.: Air remaining inside tank, m 2 . 


Cont.Eq.: m 2 = 

Energy Eq.3.5: 
Entropy Eq.6.37: 
Process: 


m ; 

m(u 2 - Ui) = : Q 2 - ,W 2 
m(s 2 -s 1 ) = JdQ/T + jS 2 gen 
adiabatic ^2 = 0 and reversible 



gen 





Entropy eq. then gives s 2 = Si and ideal gas gives the relation in Eq.6.23 

k-1 

t 2 = T^PyP!) k = 298.2 K (150/800) 0 ' 286 = 184.8 K 
mj = PiV/RTi = (800 kPa x 1 m 3 )/(0.287 kJ/kgK x 298.2 K) = 9.35 kg 

m 2 = P 2 V/RT 2 = (150 kPa x 1 m 3 )/(0.287 kJ/kgK x 184.8 K) = 2.83 kg 
m e = m i - m 2 = 6.52 kg 
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Two rigid, insulated tanks are connected with a pipe and valve. One tank has 0.5 
kg air at 200 kPa, 300 K and the other has 0.75 kg air at 100 kPa, 400 K. The valve is 
opened and the air comes to a single uniform state without any heat transfer. Find the 
final temperature and the change in entropy of the air. 


Solution: 

C.V. Total tank. Control mass of constant volume. 

Mass and volume: m 2 = m A + m B ; V = V A + V B 

Energy Eq.: U 2 - U, = m 2 u 2 - m A u A1 - m B u B1 = : Q 2 - : W 2 = 0 

Process Eq.: V = constant => 1 W 2 = 0; Insulated => jQ 2 = 0 

Ideal gas at Al: V A = m A RT A1 /P A1 = 0.5 x 0.287 x 300 / 200 = 0.2153 m 3 

Ideal gas at Bl: V B = m B RT B1 / P B1 = 0.75 x 0.287 x 400 / 100 = 0.861 m 3 

State 2: m 2 = m A + m B = 1.25 kg; V 2 = V A + V B = 1.0763 m 3 


Energy Eq.: 


m A u Al + m B u Bl 


u 2 = 


m 2 


and use constant specific heat 


m A m B 0.5 0.75 

T 2 = T A1 + — T B1 =t^300 + t^400 = 360K 


m 2 


m 2 


1.25 


1.25 


P 2 = m 2 RT 2 /V = 1.25 kg x0.287 kJ/kgK x360 K/ 1.0763 m 3 = 120 kPa 
S 2 - Sj = m A [C P lnT 2 /T A1 - Rln(P 2 /P A1 )] + m B [C P lnT 2 /T B1 - Rln(P 2 /P B1 )] 


360 


120 


360 


120 


= 0.5 [ 1.004 ln^ - 0.287 ln^ ] + 0.75 [1.004 hr^ - 0.287 lny^] 


= 0.5 x 1.3514 + 0.75 x (-0.1581) = 0.5571 kJ/K 
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Two rigid tanks, shown in Fig. P6.97, each contain 10 kg N2 gas at 1000 K, 500 
kPa. They are now thermally connected to a reversible heat pump, which heats one and 
cools the other with no heat transfer to the surroundings. When one tank is heated to 1500 
K the process stops. Find the final (P, T ) in both tanks and the work input to the heat 
pump, assuming constant heat capacities. 

Solution: 

Control volume of hot tank B, 

Process = constant volume & mass so no work 

Energy equation Eq.3.5 and specific heat in Eq.5.20 gives 

U 2 - U, = mC v (T 2 - Tj) = jQ 2 = 10 kg x 0.7448 kJ/kg-K x 500 K = 3724 kJ 

p 2 = PiT/Tj = 1.5(P!) = 750 kPa 

State: 1 = initial, 

2 = final hot 

3 = final cold 



To fix temperature in cold tank, C.V.: total 

For this CV only W HP cross the control surface no heat transfer. The entropy 
equation Eq.6.37 for a reversible process becomes 

( s 2 - Si) to t = 0 = m hot ( s 2 ' s l) + m cold ( s 3 ' s l) 

Use specific heats to evaluate the changes in s from Eq.6.16 and division by m 

Cp, hol ln(T 2 / T,) - R ln(P 2 / P,) + C p , cold ln(T 3 / T,) - R ln(P 3 / P,) = 0 
P3 = P1T3/TJ and — 

Now everything is in terms of T and C p = C v + R, so 
C v , h otln(T 2 /T 1 ) + C v , cold ln(T 3 /T 1 ) = 0 
same C v : T 3 = Ti(T,/T 2 ) = 667 K, P 3 = 333 kPa 

Qcoid = ' 1Q3 = m C v (T 3 - T^) = -2480 kJ, 

W HP = 1Q2 + Qcoid = 1Q2 ■ 1Q3 = 1244 k J 
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A hydrogen gas in a piston/cylinder assembly at 300 K, 100 kPa with a volume of 

0.1 m is now slowly compressed to a volume of 0.01 m while cooling it in a reversible 
isothermal process. What is the final pressure, the heat transfer and the change in 
entropy? 


Solution: 

C.V. Hydrogen, control mass. 

Energy Eq. 3.5: m(u 2 - u, ) = ,Q 2 - ]W 2 

Process: T = constant so with ideal gas => u 2 = uj 



From the process equation (T 2 = Tj) and ideal gas law we get 
P 2 = p : (V : A? 2 ) = 10 Pj = 1000 kPa 
we can calculate the work term as in Eq.3.22 

1Q2 = tW 2 = /Pdv = PjVj In (V 2 /V|) 

= 100 kPa X 0.1 m 3 X In (1/10) = -23.0 kj 
The change of entropy from the entropy equation Eq.6.3 is 

-23 kJ 

m(s 2 - Sj) = | Q 2 /T | = 30 (j j^ = -0.07667 kJ/K 
If instead we use Eq.6.17 we would get 



= (P 1 V,/T 1 )ln(^)= 1 Q 2 /T 1 
consistent with the above result. 
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A rigid tank contains 4 kg air at 300°C, 4 MPa which acts as the hot energy 

reservoir for a heat engine with its cold side at 20°C shown in Fig. P.6.99. Heat transfer 

to the heat engine cools the air down in a reversible process to a final 20°C and then 
stops. Find the final air pressure and the work output of the heat engine. 



Energy Eq.3.5: m(u 2 - = : Q 2 - i w 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = J dQ/T (T not constant) 

Process: v = constant => jW 2 = 0 

State 2: T 2 and v 2 = vj, 


p 2 = PiiyTj = 4000 x 293.15/573.15 = 2045.9 kPa 


From the energy equation 


Qh = - 1 Q 2 = — m ( u 2 - ui) = -m C vo (T 2 - Tj) 


= -4 kg x 0.717 kJ/kg-K (293.15 - 573.15) K = 803.0 kj 
Take now CV total as the air plus heat engine out to ambient 

Ql 

Entropy Eq.6.3: m(s 2 - Sj) = - ™ => 

A amb 


t 2 

Ql — niT am b (S 2 s i) — m T am b C vo In j 

= - 4 kg x 293.15 K x 0.717 kJ/kg-K ln(293. 15/573. 15) = 563.7 kJ 
Now the CV heat engine can give the engine work from the energy equation 
Energy H.E.: W HE = Q H - Q L = 803.0 - 563.7 = 239.3 kj 

Notice to get ^ = I T ds we must know the function T(s) which we do not readily have 
for this process. 
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6.100 

An ideal gas having a constant specific heat undergoes a reversible polytropic 
expansion with exponent, n = 1.4. If the gas is carbon dioxide will the heat transfer for 
this process be positive, negative, or zero? 

Solution: 



C0 2 : Table A.5 
Since n > k 
it follows that 

1Q2 < ® 


k= 1.289 <n 
and P 2 < Pi 

s 2 < Si and thus Q flows out. 
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6.101 

Repeat the previous problem for the gas carbon monoxide, CO. 
Solution: 



CO: Table A.5 k= 1.399 = n 
Since n ~ k and P 2 < P] 
it follows that S 2 ~ Sj and thus adiabatic. 

1O2 ~ 0 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.102 

A nitrogen gas goes through a polytropic process with n = 1.3 in a piston/cylinder 
arrangement. It starts out at 600 K, 600 kPa and ends at 800 K. Is the heat transfer 
positive, negative or zero? 



N 2 : Table A. 5 k=1.40 and n=1.3 <k 

Since n < k and T 2 > T j 

process goes up on the n < k curve 
s 2 < sj and thus q must go out. 

q is negative 
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A cylinder/piston contains 1 kg methane gas at 100 kPa, 300 K. The gas is 
compressed reversibly to a pressure of 800 kPa. Calculate the work required if the 
process is adiabatic. 


Solution: 

C.V. Methane gas of constant mass m 2 = m 1 = m and reversible process. 
Energy Eq.3.5: m(u 2 - Uj) = 2 Q 2 - iW 2 

Entropy Eq.6.3 (37): m(s 2 — sj) = J dQ/T + ]S 2 gen = I dQ/T 

Process: ^Q 2 = 0 => s 2 = sj 

thus isentropic process s = constant and ideal gas gives the relation in Eq.6.23 
with k = 1.299 from Table A. 5 


k-1 


T 2 = T 1 (P 2 /P 1 )k = 300 K 


f800' 

1 00 j 


0.230 


= 483.99 K 


1 W 2 = -mC V0 (T 2 - T x ) = -1 kg x 1.736 kJ/kg-K (483.99 - 293.15) K 

= -331.3 kj 
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Do the previous problem but assume the process is isothermal. 


Solution: 

C.V. Methane gas of constant mass m 2 = mj = m and reversible process. 

Energy Eq.3.5: m(u 2 -u,) = ,Q 2 - ,W 2 

Entropy Eq.6.37: m(s 2 - sQ = I dQ/T + |S 2 gen = j dQ/T 

O O 

Process: T = constant. For ideal gas then u 2 = u 1 and s T2 = s T1 

Energy eq. gives 1 W 2 = ]Q 2 and J dQ/T = iQ 2 /T 
with the entropy change found from Eq.6.16 

=> l w 2 = 1 Q 2 = mT ( s 2 - s l) = -mRT ln(P 2 /Pj) 


= -0.5183 kJ/Kx 300 Kin 


/8003 

I100J 


-323.3 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.105 

A piston/cylinder contains air at 300 K, 100 kPa. It is now compressed in a 
reversible adiabatic process to a volume 7 times as small. Use constant heat capacity and 
find the final pressure and temperature, the specific work and specific heat transfer for 
the process. 

Solution: 

Expansion ratio: v 2 / v 1 = 1/7 

Process eq.: Rev. adiabatic and ideal gas gives Pv 11 = C, with n = k 

P 2 /p : = (v 2 / Vl )' k = 7 1 ' 4 = 15.245 

p 2 = Pj (7 1 - 4 ) = 100 x 15.245 = 1524.5 kPa 

T 2 = Tj (v 1 /v 2 ) k_1 = 300 x 7 0 ' 4 = 653.4 K 

: q 2 = 0 kj/kg 

Polytropic process work term from Eq.6.29 
R 0 287 

i w 2 = 777 (T 2 -Ti) = - kJ/kg-K (653.4 - 300) K = -253.6 kj/kg 

Notice: C v = R/(k-l) so the work term is also the change in u consistent with the energy 
equation. 
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A piston/cylinder contains pure oxygen at 500 K, 600 kPa. The piston is moved to 
a volume such that the final temperature is 700 K in a poly tropic process with exponent n 
= 1.25. Use ideal gas approximation and constant heat capacity to find the final pressure, 
the specific work, and the heat transfer. 


Take CV as the oxygen. 
Energy Eq.3.5 


m 2 = m i = m; 

m(u 2 - uj) = jQ 2 - iW 2 


Process Eq.: Pv 11 = Constant (polytropic) 

From the ideal gas law and the process equation we can get: 

/ \' n 1 - n 
State 2: P 2 = Pi ( v 2 / v i) and Pv = RT => T 2 /Tj = (v 2 / vj) 

/ x n/(n-l) /700\ 1-25/0.25 

P 2 = Pi ( T 2 / TO = 600 (^q) = 3226.9 kPa 


From process eq.: 

iW 2 = I P dv = area = (P 2 v 2 - P^) = ^ (T 2 - Tj) 

0.2598 

= — 2g (700 - 500) = -207.8 kj/kg 

From the energy equation and Table A. 8 

192 = u 2 ' u l + i w 2 = (480.18 - 331.72 - 207.8) kJ/kg = -59.34 kj/kg 
From the energy equation and constant specific heat from Table A. 5 
iq 2 = u 2 -ui + iW 2 = C v (T 2 — Tj) + : w 2 

= 0.662 kJ/kg-K (700 - 500) K - 207.8 kj/kg = -75.4 kj/kg 



T = C exp(s/a) 



s 


The function T(s) can be done with constant Cp: a = Cp - nR/(n-l) = -0.377 
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6.107 

Do Problem 6.103 and assume the process is polytropic with n = 1.15 

Process: Pv 11 = constant with n=1.15; 

The T-P relation is given in Eq.6.28 

— 68003 0.130 

T 2 = Tj (P 2 /Pj) n = 300 (jqqJ = 393.1 K 

and the work term is given by Eq.6.29 

lW 2 = 1 mP dv = m(P 2 v 2 - PjVi)/(l - n) = mR (T 2 - Tp/(1 - n) 

kT 393 1 - 293 1 5 

= lkg x 0.5183 ~ K = -345.4 kj 
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6.108 

Hot combustion air at 2000 K expands in a polytropic process to a volume 6 times 
as large with n = 1.3. Find the specific boundary work and the specific heat transfer. 


Energy Eq.: u 2 -u l = ,q 2 - iw 2 

1 R 

Reversible work Eq. 6.29: jw 2 = ^ (P 2 v 2 - PjVj) = (T 2 - Tj) 


n 


n-1 


Process Eq: Pv = C; T 2 = T\ (vi/v 2 ) = 2000 


(if 3 

UJ 


= 1168.4 K 


Properties from Table A. 7.1: uj = 1677.52 kJ/kg, u 2 = 905.46 kJ/kg 


,w 2 = kJ/kg-K (1 168.4 - 2000) K = 795.6 kJ/kg 

iq 2 = u 2 - Ui + iw 2 = 905.46 - 1677.52 + 795.6 = 23.5 kJ/kg 
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6.109 

Air in a piston/cylinder is at 1 800 K, 7 MPa and expands in a polytropic process 
with n = 1.5 to a volume eight times larger. Find the specific work and specific heat 
transfer in the process using Table A. 7 and draw the T-s diagram. 


C.V. Air of constant mass m 2 = irq = m. 

Energy Eq.3.5: m(u 2 -u,)= lQ 2 “ l w 2 

Process: Pv 1 ' 50 = constant, v 2 /vj = 8 

State 1: Pj = 7 MPa, T, = 1800 K 

State 2: (v 2 = 8v 1; ?) Must be on process curve so 

P 2 = p : ( Vl /v 2 ) n = 7000 (1/8) 1 ' 50 = 309.36 kPa 

P 9 V 9 

T 2 = T lp^ = T l( v l /v 2) n ' 1 = 1800 (1/8) 0 ' 5 = 636.4 K 

Table A. 7: u 1 = 1486.33 kJ/kg and interpolate u 2 = 463.06 kJ/kg 

Work from the process expressed in Eq.3.21, 6.29 

P 2 v 2 - P , v ! R 0.287(636.4- 1800) 

. |ldv In =1 n !T ' T '' ' TT3 

= 667.9 kJ/kg 

Heat transfer from the energy equation 

x q 2 = (u 2 - Uj) + jw 2 = (463.06 - 1486.33) + 667.9 = -355.4 kJ/kg 





Notice: 

n= 1.5, k= 1.4 
n > k 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.110 

Helium in a piston/cylinder at 20°C, 100 kPa is brought to 400 K in a reversible 
polytropic process with exponent n = 1.25. You may assume helium is an ideal gas with 
constant specific heat. Find the final pressure and both the specific heat transfer and 
specific work. 

Solution: 

C.V. Helium 

Continuity Eq.: m 2 = irq = m ; 

Energy Eq.3.5: m(u 2 - u : ) = iQ 2 - iW 2 

Process: Pv 11 = C & Pv = RT => Tv 11 ' 1 = C 

Table A.5: C v = 3.116 kJ/kg K, R = 2.0771 kJ/kg K 

From the process equation and Tj = 293.15, T 2 = 400 K 

Tj w nA = T 2 v 11 ' 1 => v 2 / Vl = (T : / T 2 ) 1/n -l = 0.2885 

p 2 / p l = (vi / v 2 ) n = 4.73 => P 2 = 473 kPa 

The work is from Eq.6.29 per unit mass 

jw 2 = J P dv = | C v‘ n dv = [ C / (1-n) ] x ( y 2 Un - Vl 1_n ) 

= I^( p 2 v 2 - P 1 v l) = l^( T 2 - T l) 

2.0771 

= 1 1 25 kJ/kg-K x (400 - 293.15) K = -887.7 kJ/kg 

The heat transfer follows from the energy equation 

192 = u 2 - u : + 1 w 2 = C v (T 2 - Tj ) + (- 887.7) = -554.8 kJ/kg 
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6.111 

The power stroke in an internal combustion engine can be approximated with a 
polytropic expansion. Consider air in a cylinder volume of 0.2 L at 7 MPa, 1800 K, 
shown in Fig. P6. 1 1 1. It now expands in a reversible polytropic process with exponent, n 
= 1.5, through a volume ratio of 10:1. Show this process on P-v and T-s diagrams, and 
calculate the work and heat transfer for the process. 


Solution: 

C.V. Air of constant mass m 2 = mj = m. 

Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - : W 2 

Entropy Eq.6.3 (37): m(s 2 - Sj) = I dQ/T + ]S 2 gen = j dQ/T 

Process: PV 1 50 = constant, V 2 /V 1 = 10 

State 1: Pj = 7 MPa, T, = 1800 K, Vj = 0.2 L 

PlYl 7000 x 0,2 x IQ' 3 o 

mi ~~ RT : ~ 0.287 x 1800 - 2 - 71x10 k § 

State 2: (v = V 2 /m, ?) Must be on process curve so Eq.6.24 gives 

T 2 = Tj (Vj/V^ 11 - 1 = 1800 (1/10)° 5 = 569.2 K 
Table A. 7: u 1 = 1486.33 kJ/kg and interpolate u 2 = 411.707 kJ/kg 




Notice: 

n= 1.5, k= 1.4 
n > k 


Work from the process expressed in Eq.6.29 
1 W 2 = /PdV = mR(T 2 -T 1 )/(l-n) 

_ 2.71xlQ' 3 x 0.287(569.2 - 1800) _ 

1-1.5 - 1.91 kj 

Heat transfer from the energy equation 
lQ 2 = m(u 2 - Uj) + jW 2 

= 2.71xl0' 3 kg x (411.707 - 1486.33) kJ/kg + 1.91 kJ = -1.00 kj 
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6.112 

A cylinder/piston contains saturated vapor R-410A at 10°C; the volume is 10 L. 
The R-410A is compressed to 2 MPa, 60°C in a reversible (internally) polytropic process. 
Find the polytropic exponent n and calculate the work and heat transfer. 

Solution: 

C.V. R-410A of constant mass m 2 = mj = m out to ambient. 

Energy Eq.3.5: m(u 2 -u,) = ,Q 2 - ,W 2 

Entropy Eq.6.37: m(s 2 - Sj) = ! dQ/T + jS 2 gen = iQ 2 /T amb + jS 2 gen 

Process: PjVi n = P 2 v 2 n Eq.6.36 

State 1: (T b x : ) Table B.4.1 P : = 1085.7 kPa, v : = 0.02383 m 3 /kg 


m = Vj/vj = 0.01/0.02383 = 0.4196 kg 
State 2: (T 2 , P 2 ) TableB.4.2 v 2 = 0.01536 m 3 /kg 


2000 ^ 0 . 02383^11 

From process eq. P 2 /Pi = ^ 01536' => 11 = 1-39106 

The work is from Eq.6.29 

P 2 v 2 - 2000 x 0.01536 - 1085.7 x 0.02383 

1 W 2 = /pdV = m =0.4196 f7l39l06 


= -5.20 kj 

Heat transfer from energy equation 

: Q 2 = m(u 2 - u : ) + X W 2 = 0.4196 (289.9 


255.9) -5.20 = 9.07 kj 



Notice: 

n= 1.39, k= 1.17 
n > k 


The two curves are shown below from the CATT3 process plot function. 
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6.113 

Air goes through a polytropic process with n = 1.3 in a piston/cylinder setup. It 
starts at 200 kPa, 300 K and ends with a pressure of 2200 kPa. Find the expansion ratio 
v 2 /vi, the specific work, and the specific heat transfer. 


Take CV as the air. m 2 = rnj = m; 

Energy Eq.3.5 m(u 2 - u : ) = : Q 2 - jW 2 


Process Eq.: Pv 11 = Constant (polytropic) 

From the ideal gas law and the process equation we can get: 

-1/n 1 - n 

State 2: (v 2 /vj) = (P 2 /Pj) and Pv = RT => T 2 /Tj = (v 2 / vj) 

-1/n -1/1 3 

(v 2 / Vl ) = (P 2 /Pi) = (2200 / 200) = 0.1581 

(n-l)/n .2200x0.3/1.3 

T 2 = T 1 (P 2 /P 1 ) = 300 ("200") = 52L7K 


From process eq.: 

iW 2 = I P dv = area = (P 2 v 2 - P^) = (T 2 - Tj) 

0.287 

= (521.7 - 300) = -212.09 kj/kg 

From the energy equation and constant specific heat from Table A. 5 
1 O 2 = u 2 ' U 1 + l w 2 = C v (T 2 - Tj) + jW 2 

= 0.717 kJ/kg-K (521.7 - 300) K - 212.09 kJ/kg = -53.13 kj/kg 


From the energy equation and Table A.7 
iq 2 = u 2 -ui + : w 2 

= 376.0 - 214.36 - 212.09 = -50.45 kj/kg 
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6.114 

A cylinder/piston contains air at ambient conditions, 100 kPa and 20°C with a 
volume of 0.3 m . The air is compressed to 800 kPa in a reversible polytropic process 
with exponent, n = 1.2, after which it is expanded back to 100 kPa in a reversible 
adiabatic process. 

a. Show the two processes in P-v and T-s diagrams. 

b. Determine the final temperature and the net work. 

Solution: 



m = PjVj/RT! 

100 x 0,3 
“ 0.287 x 293.2 
= 0.3565 kg 


b) The process equation is expressed in Eq.6.28 

'—' 0.167 


100J 


= 414.9 K 


T 2 = T 1 (P 2 /P 1 ) 11 =293.2 
The work is from Eq.6.29 

2 P 2 v 2 -Pivi ROVTj) 0.287(414.9-293.2) 
lW2 = / Pdv = ^ — = 1-n = TT37) = -174.6 kJ/kg 

1 


1 - 1.20 


Isentropic relation is from Eq.6.23 

k-1 


(10030.286 


800 J 


= 228.9 K 


T 3 = T 2 (P 3 /P 2 ) k =414.9 

With zero heat transfer the energy equation gives the work 

2 w 3 = C V0 (T 2 - T 3 ) = 0.717(414.9 - 228.9) = +133.3 kJ/kg 

w NET = 0.3565(- 174.6 + 133.3) = -14.7 kj 
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6.115 

Consider a heat transfer of 100 kJ from 1500 K hot gases to a steel container at 
750 K that has a heat transfer of the 100 kJ out to some air at 375 K. Determine the 
entropy generation in each of the control volumes indicated in Fig. P6.1 15. 

There is no change in energy or entropy in the indicated control volumes, so no 
storage effect. There is a transfer of energy in and out of each CV and an associated 
transfer of entropy. 


Take CV1 
Energy Eq.: 

0 = Q - Q 

Entropy Eq.: 


Take CV2 
Energy Eq.: 

0 = Q - Q 

Entropy Eq.: 



_Q_ 

t h 


t m + bgen CV1 


s -- Q - 

^genCVl T m 

_ 100 
- 750 


_Q_ 

t h 

100 

= 0.0667 kJ/K 


Q Q_ 

0 “ T m “ T L + S 8 en CV2 

_Q_ _Q_ 

S gen CV2 “ T L _ T M 


_ 100 
_ 375 


100 

750 


= 0.133 kJ/K 



F*wtM.11S 
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6.116 

A rigid tank has 0.1 kg saturated vapor R-410A at 0°C that is cooled to -20°C by 

a -20°C heat sink. Show the process in a T-s diagram; find the change in entropy of the 
R-410A, the heat sink, and the total entropy generation. 


Solution: 

C.V.: R-410A in tank + out to the sink. m 2 = m l ^ 
Energy Eq.3.5: m(u 2 - uj) = : Q 2 - iW 2 

Entropy Eq. 6.37: m(s 2 - s, ) = ,Q 2 /T sink + ,S 2 gen 
Process: V = constant, v 2 = Vj = V/m => jW 2 = 0 
Table B.4.1: State 1: Uj = 253.02 kJ/kg, Sj = 1.0368 kJ/kgK 


State 2: -20°C, v 2 = Vj = V/m, look in Table B.4.1 at -20°C 


x 2 = 


v 2 - v f2 
V fg2 


0.03267 - 0.000803 
0.06400 


0.4979 


u 2 = u f2 + x 2 u fg2 = 27.92 + x 2 x218.07 = 136.5 kJ/kg 
s 2 = s f2 + x 2 s fg2 = 0.1154 + x 2 xO.9625 = 0.5946 kJ/kgK 
From the energy equation 

jQ 2 = m(u 2 - uj) = 0.1 kg ( 136.5 - 253.0 ) kJ/kg = -11.65 kJ 


(S 2 - Sj/R^jQa = m(s 2 - Sj) = 0.1 (0.5946 - 1.0368) = -0.0442 kJ/K 
( s 2 - S l)sink = -1Q2 /T sink =11-65 kJ/253.15 K = 0.046 kJ/K 


1 S 2 gen = m(s 2 - Si) - 1 Q 2 /T sink = -0.0442 + 0.046 = 0.0018 kJ/K 
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6.117 

One kg water at 500°C and 1 kg saturated water vapor both at 200 kPa are mixed 
in a constant pressure and adiabatic process. Find the final temperature and the entropy 
generation for the process. 

Solution: 

Continuity Eq.: m 2 -m A -m B = 0 


Energy Eq.3.5: 
Entropy Eq.6.37: 
Process: 


m 2 u 2 - m A u A - m B u B = -1 W 2 

m 2 s 2 - m A s A - m B s B = 1 d Q /T + 1 S 2 gen 
P = Constant => ,W 2 = I PdV = P(V 2 - V : ) 


Q = o 

Substitute the work term into the energy equation and rearrange to get 

m 2 u 2 + P 2 V 2 = m 2 h 2 = m A u A + m B u B + PV , = m A h A + m B h B 


where the last rewrite used PV j = PV A + PV B . 

State Al: Table B. 1.3 h A = 3487.03 kJ/kg, s A = 8.5132 kJ/kg K 

State Bl: Table B. 1.2 h B = 2706.63 kJ/kg, s B = 7.1271 kJ/kg K 

Energy equation gives: 



-»A 
m 2 A 


+ ^ h B = \ 3487.03 + \ 2706.63 = 3096.83 kJ/kg 


State 2: P 2 , h 2 = 3096.83 kJ/kg => s 2 = 7.9328 kJ/kg K; T 2 = 312.2°C 

With the zero heat transfer we have 

1 S 2 gen = m 2 s 2 _ m A s A “ m B s B 

= 2 x 7.9328 - 1 x 8.5132 - 1 x 7.1271 = 0.225 kJ/K 
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6.118 

A car uses an average power of 25 hp for a one hour round trip. With a thermal 
efficiency of 35% how much fuel energy was used? What happened to all the energy? 

What change in entropy took place if we assume ambient at 20°C? 

Since it is a round trip, there are no changes in storage of energy for the 
car after it has cooled down again. All the energy is given out to the ambient in the form 
of exhaust flow (hot air) and heat transfer from the radiator and underhood air flow. 

W = J W dt = 25 hp x 0.7457 (kW/hp) x 3600 s = 67 1 13 kj = p Q 

Fuel energy used to deliver the W 

Q = E / p = 67 1 13 kJ/ 0.35 = 191 751 kj 
AS = Q / T = 191 751 kJ / 293.15 K = 654.1 kJ/K 

All the energy (Q) ends up in the ambient at the ambient temperature. 
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6.119 

A computer chip dissipates 2 kJ of electric work over time and rejects that as heat 

transfer from its 50°C surface to 25°C air. How much entropy is generated in the chip? 
How much if any is generated outside the chip? 

C.V.l Chip with surface at 50°C, we assume chip state is constant. 
Energy: U 2 — Ui = 0 = 1 Q 2 — 1 W 2 = W e j ectr j ca j j n - Q ou t 1 

Qout 1 

Entropy: S 2 -S 1 =0 = -^; +iS 2 genl 

1 surf 

Qout 1 ^electrical j n 2 kJ 

l s 2 genl = Xsurf = Xsurf = 323.15 K = 6,19 J/K 


C.V.2 From chip surface at 50°C to air at 25°C, assume constant state. 
Energy: U 2 - Uj = 0 = jQ 2 - iW 2 = Q out 1 - Q out 2 

. Qoutl Qout2 

Entropy: S 2 - Sj = 0 = - ^r— + jS 2 gen 2 


surf A air 
Qout2 Qoutl 2 kJ 


2 kJ 


l°2 gen2 - T ' T surf “ 298.15 K ' 323.15 K 


= 0.519 J/K 


25 C air 
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6.120 

An insulated cylinder/piston contains R-134a at 1 MPa, 50°C, with a volume of 
100 L. The R-134a expands, moving the piston until the pressure in the cylinder has 
dropped to 100 kPa. It is claimed that the R-134a does 190 kJ of work against the piston 
during the process. Is that possible? 

Solution: 

C.V. R-134a in cylinder. Insulated so assume Q = 0. 

State 1: Table B.5.2, Vj = 0.02185 m 3 /kg, Uj = 409.39 kJ/kg, 

sj = 1.7494 kJ/kg K, m = V,/v, = 0.1/0.02185 = 4.577 kg 
Energy Eq.3.5: m(u 2 - Uj) = ^Q 2 - iW 2 = 0 - 190 => 

u 2 = u i - i W 2 /m = 367.89 kJ/kg 

State 2: P 2 , u 2 Table B.5.2: T 2 = -19.25°C ; s 2 = 1.7689 kJ/kg K 

Entropy Eq.6.37: m(s 2 - Sj) = JdQ/T + jS 2 gen = : S 2 gen 

lS 2 _ g en = m (s 2 - Sj) = 0.0893 kJ/K 


This is possible since iS 2 gen > 0 
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6.121 

A rigid tank holds 0.75 kg ammonia at 70°C as saturated vapor. The tank is now 
cooled to 20°C by heat transfer to the ambient at 20°C. Determine the amount of entropy 
generation during the process. 

C.V. The ammonia out to 20°C, this is a control mass. 

2 

Process: Rigid tank V = C => v = constant & jW 2 = f PdV = 0 

1 


Energy Eq.: m(u 2 - u : ) = : Q 2 - : W 2 = jQ 2 , 

Entropy Eq.6.37: m(s 2 - s^ = JdQ/T + 1 S 2 gen = iQ 2 /T 0 + i S 2 gen 


State 1: vj = 0.03787 m 3 /kg, 

ui = 1338.9 kJ/kg, sj = 4.3533 kJ/kgK 

State 2: T, v => two-phase (straight down in 

P-v diagram from state 1) 



x 2 = (v - v f )/ V fg = (0.03787 - 0.001638)/0. 14758 = 0.2455 
u 2 = u f + x 2 u f „ = 272.89 + 0.2455 x 1059.3 = 532.95 kJ/kg 
s 2 = s f + x 2 Sfg = 1.0408 + 0.2455 x 4.0452 = 2.0339 kJ/kgK 

: Q 2 = m(u 2 - uj) = 0.75 kg (532.95 - 1338.9) kJ/kg = -604.5 kJ 
l s 2,gen = m(s 2 - Sj) - jQ/Tq = 0.75(2.0339 - 4.3533) + 604.5/293.15 

= 0.322 kJ/K 
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6.122 

The unrestrained expansion of the reactor water in Problem 3.101 has a final state 
in the two-phase region. Find the entropy generated in the process. 

A water-filled reactor with volume of 1 m is at 20 MPa, 360°C and placed inside 
containment room as shown in Fig. P3.101. The room is well insulated and initially 
evacuated. Due to a failure, the reactor ruptures and the water fills the containment room. 
Find the minimum room volume so the final pressure does not exceed 200 kPa. 

Solution: 

C.V.: Containment room and reactor. 

Mass: m, = m : = = 1/0.001823 = 548.5 kg 

Energy Eq.3.5: m(u 0 - u^ = - jW 2 = 0-0 = 0 

Entropy Eq.6.37: m(s 2 — Sj) = J dQ/T + jS 2 gen 

State 1: (T, P) Table B.1.4 Uj = 1702.8 kJ/kg, Sj = 3.877 

Energy equation implies u 0 = u 1 = 1702.8 kJ/kg 

State 2: P 0 = 200 kPa, u 0 < u g => Two-phase Table B. 1.2 

v 2 = 0.001061 + 0.59176 x 0.88467 = 0.52457 m 3 /kg 


u f )/ Uf g = (1702.8 - 504.47)72025.02 = 0.59176 


s 2 = Sf + x 2 s fg = 1.53 + 0.59176 x 5.597 = 4.8421 kJ/kg K 

V 9 = m 2 v 0 = 548.5 x0.52457 = 287.7 m 3 

From the entropy equation the generation is 

lS 2 gen = m(s 2 - sj) = 548.5 (4.8421 - 3.877) = 529.4 kJ/K 




Entropy is generated due to the unrestrained expansion. No work was 
taken out as the volume goes up. 
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6.123 

Heat transfer from a 20°C kitchen to a block of 1.5 kg ice at -10°C melts it to 
liquid at 10°C. How much entropy is generated? 

Water changes state from nearly saturated solid to nearly saturated liquid. The 
pressure is 101 kPa but we approximate the state properties with saturated state at the 
same temperature. 

CV Ice out to the 20°C kitchen air 

Energy Eq.3.5: m(u 0 - up = - jW 2 = jQ,, 

Entropy Eq.6.37: m(s 2 - = J dQ/T + : S 2 gen = iQ 2 /t 0 + l s 2 gen 

State 1: Compressed (saturated) solid, B.1.5, 

Uj = -354.09 kJ/kg, s, = -1.2995 kJ/kg-K 

State 2: Compressed (saturated) liquid B.1.1 

u 2 = 41.99 kJ/kg, s 2 = 0.1510 kJ/kg-K 

Heat transfer from the energy Eq. 

jQ 2 = m(u 2 - up = 1.5 [41.99 - (-354.09)] = 594.12 kJ 

From the entropy Eq. 

1 S 2 gen = m ( s 2 “ s l) “ lQ2 /T 0 

= 1.5 [0.151 - (-1.2995)] - 594.12/293.15 = 0.149 kJ/K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.124 

Ammonia is contained in a rigid sealed tank unknown quality at 0°C. When 

heated in boiling water to 100°C its pressure reaches 1200 kPa. Find the initial quality, 
the heat transfer to the ammonia and the total entropy generation. 

Solution: 

C.V. Ammonia, which is a control mass of constant volume. 

Energy Eq.3.5: u 2 - u 2 = ,q 2 - : w 2 

Entropy Eq.6.37: s 2 - s ] = j dq/T + ]S 2 gen 

State 2: 1200 kPa, 100°C => Table B.2.2 

s 2 = 5.5325 kJ/kg K, v 2 = 0.14347 m 3 /kg, u 2 = 1485.8 kJ/kg 

State 1: vj = v 2 => Table B. 2.1 

xj = (0.14347 - 0.001566)/0. 28763 = 0.49336 

Uj = 741.28 kJ/kg, Sl = 0.7114 + xj x 4.6195 = 2.9905 kJ/kg K 

Process: V = constant => jw 2 = 0 

iq2 = (u 2 - Uj) = 1485.8 - 741.28 = 744.52 kJ/kg 

To get the total entropy generation take the C.V out to the water at 100°C. 
lS2gen = s 2 -s 1 - jq 2 /T = 5.5325 - 2.9905 - 744.52/373. 15 

= 0.547 kJ/kg K 
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6.125 

Water in a piston/cylinder is at 101 kPa, 25°C, and mass 0.5 kg. The piston rests 
on some stops, and the pressure should be 1000 kPa to float the piston. We now heat the 
water from a 200°C reservoir, so the volume becomes 5 times the initial volume. Find the 
total heat transfer and the entropy generation. 


gen 


Solution: 

Take CV as the water out to the reservoir. 

Continuity Eq.: m 2 = lrq = m ; 

Energy Eq.: m(u 2 - u,) = ,Q 2 - iW 2 

Entropy Eq.6.37: m(s 2 - s^ = J dQ/T + jS 2 gen = iQ 2 /T res + jS 2 
Process: v = constant, then P = C = PfL oa t- 

Volume does go up so we get v 2 = 5 v^ 

State 1: Vj = 0.001003 m 3 /kg, u 1 = 104.86 kJ/kg, Sj = 0.3673 kJ/kgK 

State 2: P 2 = P float , v 2 = 5 x 0.001003 = 0.005015 m 3 /kg; T 2 = 179.91°C 

x 2 = (v 2 - v f ) /v fg = (0.005015 - 0.001 127)/0. 19332 = 0.0201 1, 
u 2 = 761.67 + x 2 x 1821.97 = 798.31 kJ/kg 

s 2 = 2.1386 + x 2 x 4.4478 = 2.2280 kJ/kgK 
From the process equation (see P-V diagram) we get the work as 

l w 2 = Pfloat( v 2 - v l) = 1000 kPa (0.005015 - 0.001003) m 3 /kg = 4.012 kJ/kg 


From the energy equation we solve for the heat transfer 

jQ 2 = m[u 2 - Ul + jw 2 ] = 0.5x[798.31 - 104.86 + 4.012] = 348.7 kj 

jS 2 gen = m(s 2 - Sj) - iQ 2 /T res = 0.5(2.2280 - 0.3673) - 348.7/473.15 

= 0.1934 kJ/K 
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6.126 

Do Problem 6.125 assuming the piston/cylinder is 1.5 kg of steel and has the the 
same temperature as the water at any time. 


Solution: 

Take CV as the water and steel out to the reservoir. 

Continuity Eq. : m 2 = mj = m H20 + m steel 

Energy Eq.: m H20 (u 2 - u, j H2C) + m steel (u 2 - u,) stee | = 2 Q 2 - ,W 2 

Entropy Eq.6.37: m H20 (s 2 - s^ + m steel (s 2 - = iQ 2 /T res + jS 2 gen 

Process: v = constant, then P = C = P float . 

Volume does go up so we get v 2 = 5 vj 
State 1: Vj = 0.001003 m 3 /kg, u 1 = 104.86 kJ/kg, s 1 = 0.3673 kJ/kgK 

State 2: P 2 = P float , v 2 = 5 x 0.001003 = 0.005015 m 3 /kg; T 2 = 179.91°C 
x 2 = (v 2 - Vf ) /v fg = (0.005015 - 0.001 127)/0. 19332 = 0.02011, 
u 2 = 761.67 + x 2 x 1821.97 = 798.31 kJ/kg 
s 2 = 2. 1386 + x 2 x 4.4478 = 2.2280 kJ/kgK 
There is only work when piston moves and then P = P float so the work is 

l w 2 = p float( v 2 - v l) = 1000 kPa x0.5 (0.005015 - 0.001003) m 3 = 2.006 
From the energy equation we solve for the heat transfer 

1 q 2 = u 2 -u 1 + 1 w 2 


= 0.5x[798.31 - 104.86] + 1.5 x0.46 x (179.91 - 25) + 2.006 

= 455.6 kj 


For the entropy change we use B.1.1 for water and A. 5 and Eq.6.11 for steel 


l S 2gen- S 2~ S l “ lQ2 /T res 


= 0.5(2.2280 - 0.3673) + 1.5 x0.46 x In 


453.06 

298.15 


455.6 

473.15 


= 0.256 kJ/K 
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6.127 

A cylinder fitted with a movable piston contains water at 3 MPa, 50% quality, at 
which point the volume is 20 L. The water now expands to 1.2 MPa as a result of 
receiving 600 kJ of heat from a large source at 300°C. It is claimed that the water does 
124 kJ of work during this process. Is this possible? 

Solution: 

C.V.: H 2 O in Cylinder 

Energy Eq.: m(u 2 - u,) = ,Q 2 - iW 2 ; 

1Q2 


Entropy Eq.6.37: m(s 2 - Sj) = j 

Process: 


c t 

~ r l°2,gen’ 1 source 


= 300°C, 


source 

!Q 2 = 600kJ, !W 2 =124kJ? 

State 1: 3 MPa, x 1 = 0.5, Table B. 1.2: T t = 233.9°C 

vj = v f + x lVfg = 0.001216 + 0.5x0.06546 = 0.033948 m 3 /kg 
u 1 = u f + XjUfg = 1804.5 kJ/kg, Sj = s f + x ( s tg = 4.4162 kJ/kg-K 

m, = Vj/vj = 0.02 m 3 / [0.033948 m 3 /kg] = 0.589 kg 
Now solve for u 2 from the energy equation 

u 2 = u i + (jQ 2 - 1 W 2 )/m 1 

= 1804.5 + (600 - 124)/0.589 = 2612.6 kJ/kg 
State 2: P 2 = 1.2 MPa: u 2 = 2612.6 kJ/kg Table B. 1.3 

T 2 = 200°C, s 2 = 6.5898 kJ/kgK 
From the entropy equation 

1 Q 2 


l S 2,gen - m ( s 2 ~ s l) - x 


source 


= 0.589 kg (6.5898 - 4.4162) kJ/kg-K - 


600 


300 + 273 

= 0.2335 kJ/K > 0; Process is possible 


kJ/K 


AP 



AT 
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6.128 

A piston/cylinder device keeping a constant pressure has 1 kg water at 20°C and 1 

kg of water at 100°C both at 500 kPa separated by a thin membrane. The membrane is 
broken and the water comes to a uniform state with no external heat transfer. Find the 
final temperature and the entropy generation for the process. 

Solution: 

Continuity Eq.: m 2 _m A~ m B = 0 


Energy Eq.3.5: 
Entropy Eq.6.37: 
Process: 


m 2 u 2 - m A u A - m B u B = -1 W 2 

m 2 s 2 - m A s A - m B s B = I d Q /T + 1 S 2 gen 
P = Constant => jW 2 = J PdV = P(V 2 - V x ) 


Q = o 


Substitute the work term into the energy equation and rearrange to get 

m 2 u 2 + P 2 V 2 = m 2 h 2 = m A u A + m B u B + PV l = m A h A + m B h B 


where the last rewrite used PV j = PV A + PV B . 

State Al: Table B. 1.4 h A = 84.41 kJ/kg s A = 0.2965 kJ/kg K 

State Bl: Table B. 1.4 h B = 419.32 kJ/kg s B = 1.3065 kJ/kg K 

Energy equation gives: 

m A m B 1 i 

h 2 = — h A + — h B = 2 84 - 41 + 2 419 - 32 = 25L865kJ/k § 


State 2: h 2 = 251.865 kJ/kg & P 2 = 500 kPa from Table B. 1.4 

T 2 = 60.085°C, s 2 =0.83184 kJ/kg K 
With the zero heat transfer we have 


1 S 2 gen - m 2 s 2 - m A s A “ m B s B 

= 2 x 0.83184 - 1 x 0.2965 - 1 x 1.3065 = 0.0607 kJ/K 
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Reconsider Problem 3.109 where CO2 is compressed from -20°C, x = 0.75 to a 

state of 3 MPa, 20°C in a piston/cylinder where pressure is linear in volume. Assume heat 

transfer is from a reservoir at 100°C and find the specific entropy generation in the 
process (external to the C0 2 ). 

CV Carbon dioxide out to the source, both and jW 2 
Energy Eq.3.5: m(u 2 -u,)= ,Q 2 - ,W 2 

Entropy Eq.6.37: S 2 - = JdQ/T + iS 2 , gen = iQ 2 /T res + iS 2 , gen 

Process: P = A + BV => jW 2 = J P dV = Yi m(Pj + P 2 ) (v 2 - vj) 

State 1: Table B.3.1 P = 1969.6 kPa 

vj = 0.000969 + 0.75 x 0.01837 = 0.01475 m 3 /kg, 

uj = 39.64 + 0.75 x 246.25 = 224.33 kJ/kg, 
sj =0.1672 + 0.75 x 1.1157 = 1.004 kJ/kg-K 
State 2: Table B.3 v 2 = 0.01512 m 3 /kg, u 2 = 310.21 kJ/kg, s 2 = 1.3344 kJ/kg-K 
! w 2 = V2 (Pj + P 2 )( v 2 - Vl ) = !/2 x(1969.6 + 3000)( 0.01512 - 0.01475) 

= 0.92 kJ/kg 

iq 2 = u 2 - u^ + jw 2 = 310.21 - 224.33 + 0.92 = 86.8 kJ/kg 

l s 2,gen = s 2 - S 1 - iq2 /T res = 1-3344 - 1.004 - 373^5 = 0.098 kJ/kg-K 

A p 


v 
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6.130 

A piston/cylinder contains 1 kg water at 150 kPa, 20°C. The piston is loaded so 
pressure is linear in volume. Heat is added from a 600°C source until the water is at 1 
MPa, 500°C. Find the heat transfer and the total change in entropy. 

Solution: 

CV H 2 0 out to the source, both jQ 2 and 1 W 2 
Energy Eq.3.5: m(u 2 -u,)= ,Q 2 - ,W 2 

Entropy Eq.6.37: m(s 2 - Sj) = : Q 2 / T S0URCE + jS 2 gen 

Process: P = A + BV => jW 2 = J P dV = Vi (Pi + P 2 ) (V 2 - Vp 

State 1: B.1.1 Compressed liquid use saturated liquid at same T: 
v : = 0.001002 m 3 /kg; 

State 2: Table B. 1.3 sup. vap. 
v 2 = 0.35411 m 3 /kg 
u 2 = 3124.3 kJ/kg; 
s 2 = 7.7621 kJ/kg K 

jW 2 = */2 (1000 + 150) kPa x 1 kg (0.3541 1 - 0.001002) nvVkg = 203 kJ 

jQ 2 = 1(3124.3 - 83.94) + 203 = 3243.4 kJ 

m(s 2 - sj) = 1 kg (7.7621 - 0.2968) kJ/kg-K = 7.4655 kJ/K 

1 Q 2 / T source = 3.7146 kJ/K (for source Q = -iQ 2 ) 

1$2 gen = m ( s 2 ' s l) “ 1 Q 2 / ^SOURCE 

= AS H2 o + AS source = 7.4655 - 3.7146 = 3.751 kJ/K 
Remark: This is an external irreversible process (delta T to the source) 


ui = 83.94 kJ/kg; si = 0.2966 kJ/kg K 

Ap At 
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6.131 

A closed rigid container is filled with 1.5 kg water at 100 kPa, 55°C, 1 kg of 

stainless steel and 0.5 kg of PVC (polyvinyl chloride) both at 20°C and 0.1 kg of air at 
400 K, 100 kPa. It is now left alone with no external heat transfer and no water vaporizes. 
Find the final temperature and the entropy generation for the process. 

CV. Container. 

Process: V = constant => jW 2 = 0 and also given jQ 2 = 0 

Energy Eq.: U 2 - Uj = ^mj(u 2 - = ,Q 2 - {W 2 = 0 

Entropy Eq.6.37: S 2 - Sj = £mj(s 2 - s^j = 0 + : S 2 gen 

For the liquid and the metal mass we will use the specific heat (Tbl A. 3, A. 4) so 

X m i( u 2 - u l)i = Z m i C v i ( T 2 - T l)i = T 2Z m i C v i - Z m i C v i T l i 

X m i( s 2 - s l)i = Z m i C v i ln ( T 2 /T l)i 
noticing that all masses have the same T 2 but not same initial T. 

^mjCy j = 1.5 x 4.18 + 1 x 0.46 + 0.5 x 0.96 + 0.1 x 0.717 = 7.282 kJ/K 
Energy Eq.: 7.282 T 2 = 1.5 x 4.18 x 55 + (1 x 0.46 + 0.5 x 0.96) x 20 

+ 0.1 x 0.717 x (400-273.15) = 372.745 kJ 
T 2 = 51.2°C 

The volume of the air is constant so entropy change from Eq.6.17 is the same 
expression as for the solids and liquids given above. 

1^2, gen = s 2 - Sj = X m i( s 2 - Si)i = 1.5 x 4.18 x ln(324.35/328. 15) 

324.35 324.35 

+ (1 x0.46 + 0.5 x0.96) x 111(293 15) + 0-1 x0.717 x ln( ) 

= -0.07304 kJ/K + 0.09507 kJ/K - 0.01503 kJ/K = 0.007 kJ/K 
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6.132 

A cylinder/piston contains water at 200 kPa, 200°C with a volume of 20 L. The 
piston is moved slowly, compressing the water to a pressure of 800 kPa. The 
loading on the piston is such that the product PV is a constant. Assuming that the 
room temperature is 20°C, show that this process does not violate the second law. 

Solution: 

C.V.: Water + cylinder out to room at 20°C 
Energy Eq.3.5: m(u 2 -u,) = ,Q 2 - ,W 2 

Entropy Eq.6.37: m(s 2 - Sj) = ,Q 2 / T room + jS 2 gen 

Process: PV = constant = Pmv =^> v 2 = P| V]/P 2 
l w 2 = /Pdv = P^j ln(v 2 /V|) 


State 1: Table B.1.3, Vj = 1.0803 m 3 /kg, Uj = 2654.4 kJ/kg, 

sj = 7.5066 kJ/kg K 

State 2: P 2 , v 2 = PjVj^ = 200 x 1.0803/800 = 0.2701 m 3 /kg 

Table B.1.3: u 2 = 2655.0 kJ/kg , s 2 = 6.8822 kJ/kg K 


l w 2 


= 200 x 1.0803 In 


[ U270T 

v 1.0803y 


= -299.5 kJ/kg 


,q 2 = u 2 - u : + : w 2 = 2655.0 - 2654.4 - 299.5 = -298.9 kJ/kg 


lQ2 

l s 2,gen ” s 2" s l“x ~ 

A room 

= 0.395 kJ/kg K 


298.9 

6.8822 - 7.5066 + 293~-j~5 

> 0 satisfies entropy eq. 
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6.133 

A rigid steel tank of mass 2.5 kg contains 0.5 kg R-410A at 0°C with specific 
volume O.Olm/kg. The whole system heats up to the room temperature, 25°C. Find the 
process heat transfer and the entropy generation. 


C.V. R-410A and steel tank out to room T. Control mass. 
Continuity Eq.: m 2 - m R4l0a ~ m st = 0 

Energy Eq.: m R410a (u 2 - u x ) + m st (u 2 - Uf) = fQ 2 - fW 2 

Entropy Eq.: m R410a (s 2 - Sj) + m st (s 2 - Sj) = ,Q 2 /T 

Process: V = C so ( W 2 = 0 

State 1: Tf = 0°C, Vj = 0.01 m 3 /kg, 

V = mvj = 0.005 m 3 

Xl = (v-v f )/v fg = (0.01 -0.000855)/0.03182 
= 0.28758 

Uf = u f + xi Uf g = 57.07 + xi 195.95 


room 1^2.gen 



= 1 13.42 kJ/kg 

Sl = 0.2264 + x, 0.8104 = 0.45945 kJ/kgK 

State 2: ( T, v ) => sup-vapor (straight up in T-v diagram from state 1) 

B.4. 1 at 25°C, v f = 0.000944 m 3 /kg, v g = 0.01514 m 3 /kg, v f < v < v g : saturated. 


v - v f o.Ol - 0.000944 

P= 1653.6 kPa, x= — ~ = o 01420 =0.63775, 

u 2 = u f + x 2 Uf„ = 96.03 + x 2 162.95 = 199.95 kJ/kg 
s 2 = Sf + x 2 Sfg = 0.3631 + x 2 0.6253 = 0.7619 kJ/kgK 


From the energy Eq.: 

lQ 2 = m R410a (u 2 - Uf) + m st C st (T 2 - Tf) 


= 0.5 kg x (199.95 - 113.42) kJ/kg + 2.5 kg x 0.46 kJ/kgK x (25-0) K 

= 72.0 kj 

1^2, gen — m R410a( s 2 — s l) m st ^st ^OVE) ~ 1 Q2^room 

kJ kJ 298.15 

= 0.5 kg x(0.7619 - 0.45945) + 2.5 kg x0.46 ^^x In 273 15 

- (72/298.15) kJ/K 

= 0. 15 12 kJ/K + 0. 1007 kJ/K - 0.2415 kJ/K = 0.0104 kJ/K 
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6.134 

A piston/cylinder has ammonia at 2000 kPa, 80°C with a volume of 0.1 m 3 . The 

piston is loaded with a linear spring and outside ambient is at 20°C, shown in Fig. 

P6.134. The ammonia now cools down to 20°C at which point it has a quality of 15%. 
Find the work, the heat transfer and the total entropy generation in the process. 

CV Ammonia out to the ambient, both jQ 2 and ( W 2 

Energy Eq.3.5: m(u 2 -u,) = ]Q 2 - |W 2 

Entropy Eq.6.37: m(s 2 - Sj) = jQ 2 / T ambient + jS 2 gen 

Process: P = A + BV => jW 2 = J P dV = Vi m(Pj + P 2 ) (v 2 - Vj) 

State 1: Table B. 2. 2 

vj = 0.07595 m 3 /kg, u : = 1421.6 kJ/kg, s, = 5.0707 kJ/kg K 
m = Vj/vj = 0.1/0.07595 = 1.31665 kg 

State 2: Table B. 2.1 

v 2 = 0.001638 + 0.15 x 0.14758 = 0.023775 m 3 /kg 
u 2 = 272.89 + 0.15 x 1059.3 = 431.785 kJ/kg 
s 2 = 1.0408 + 0.15 x 4.0452 = 1.64758 kJ/kg K 
1 W 2 = i/2m(P 1 +P 2 )( v 2 - Vl ) 

= Vi xl. 31665 kg (2000 + 857.5) kPa (0.023775 - 0.07595) m 3 /kg 

= - 98.15 kj 

: Q 2 = m(u 2 - uj) + jW 2 = 1.31665 (431.785 - 1421.6) - 98.15 

= - 1401.39 kj 

1^2 gen — m ( s 2 — s l) ~ (lQ2^ ^amb) 

-1401.39 

= 1.31665 (1.64758-5.0707)- 293 l5 
= - 4.507051 + 5.78045 = 0.273 kj/k 
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6.135 

One kilogram of ammonia (NH 3 ) is contained in a spring-loaded piston/cylinder, 

Fig. P6.135, as saturated liquid at -20°C. Heat is added from a reservoir at 100°C until a 
final condition of 800 kPa, 70°C is reached. Find the work, heat transfer, and entropy 
generation, assuming the process is internally reversible. 

Solution: 


C.V. = NH 3 out to the reservoir. 

Continuity Eq.: m 2 = m 1 = m 

Energy Eq.3.5: E 2 - Ej = m(u 2 - u^ = ^ 2 - | W 2 

Entropy Eq.6.37: S 2 - Sj = JdQ/T + iS 2>gen = iQ 2 /T res + iS 2>gen 

Process: P = A + BV linear in V => 

iW 2 = /PdV = y(P, + P 2 )(V 2 - Vi) = \ (Pi + P 2 )m(v 2 - Vl ) 


State 1: Table B. 2.1 
Pj = 190.08 kPa, 

v : = 0.001504 m 3 /kg 
uj = 88.76 kJ/kg, 
s, = 0.3657 kJ/kg K 
State 2: Table B.2.2 sup. vapor 
v 2 = 0.199 m 3 /kg, u 2 = 1438.3 kJ/kg, s 2 = 5.5513 kJ/kg K 

jW 2 = 190.08 + 800) kPa xl kg (0.1990 - 0.001504) m 3 /kg = 97.768 kj 




: Q 2 = m(u 2 - u : ) + : W 2 = 1(1438.3 - 88.76) + 97.768 = 1447.3 kj 

1447 3 

l s 2,gen = m ( s 2 - «i) - iQ 2 /T res = 1(5.5513 - 0.3657) - 3?3 ]g = 1.307 kJ/K 
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6.136 

A 5 kg aluminum radiator holds 2 kg of liquid R-134a both at -10°C. The setup is 

brought indoors and heated with 220 kJ from a heat source at 100°C. Find the total 
entropy generation for the process assuming the R-134a remains a liquid. 

Solution: 

C.V. The aluminum radiator and the R-134a. 

Energy Eq.3.5: m 2 u 2 - m,u, = ,Q 2 -0 

Process: No change in volume so no work as used above. 

The energy equation now becomes (summing over the mass) 

m al ( u 2 " u 1 )al + m R134a ( u 2 - u l)R134a = 1Q2 
Use specific heat from Table A. 3 and A. 4 

m al C al ( T 2 " T t) + m R134a C R134a l n ( T 2 - Tj) = iQ 2 

T 2 ' T 1 = lQ2 / [ m al C al + m R134a C R134a 1 


= 220 / [5 X 0.9 + 2 X 1.43] = 29.89°C 
T 2 = -10 + 29.89 = 19.89°C 


Entropy generation from Eq.6.37 


1 S 2 gen - m ( s 2 ‘ s l)‘ lQ2 /T 


- m al C al l n ( T 2 /T l) + m R134a C R134a ln ( T 2 /T l) 


lQ2 

T amb 


= (5 x 0.9 + 2 x 1.43) 


(19.89 + 273.15) 
ln -10 + 273.15 


220 

373.15 


= 0.7918-0.5896 

= 0.202 kJ/K 



1 I ioo*fc 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


6.137 

A piston/cylinder of total 1 kg steel contains 0.5 kg ammonia at 1600 kPa both 

masses at 120°C. Some stops are placed so a minimum volume is 0.02 m 3 , shown in Fig. 

P6.137. Now the whole system is cooled down to 30°C by heat transfer to the ambient at 

20°C, and during the process the steel keeps same temperature as the ammonia. Find the 
work, the heat transfer and the total entropy generation in the process. 


Energy Eq.3.5: m(u 2 - u : ) + m st (u 2 - u : ) = 2 Q 2 - ,W 2 

Entropy Eq.6.37: m(s 2 - Sj) + m st (s 2 - Sj) = iQ 2 /T amb + iS 2 gen 
State 1 : vj = 0.11265 m 3 /kg, uj = 1516.6 kJ/kg, sj = 5.5018 kJ/kg K 
Vj = mvj = 0.05634 m 3 

Stop la: v stop = V/m = 0.02/0.5 = 0.04 m 3 /kg, P stop = Pj 
State 2 : 30°C < T stop so v 2 = v stop = 0.04 m 3 /kg 

0.04 - 0.00168 


T ~ 42°C 


A 2 -v f ^ 


x 2 = 


V 


v fg ) 


= 0.35217 


0.10881 

u 2 = 320.46 + x 2 x 1016.9 = 678.58 kJ/kg 
s 2 = 1.2005 + x 2 x 3.7734 = 2.5294 kJ/kg K 


,W 2 = 1 P dV = P : m (v 2 -V!) = 1600 x 0.5 (0.004 - 0.11268) = - 
58.14 kJ 

lQ 2 = m (u 2 - uj) + m st (u 2 - uj) + ]W 2 

= 0.5( 678.58 - 1516.6 ) + 1x0.46(30 - 120) - 58.14 
= -419.01 - 41.4 - 58.14 = -518.55 kJ 


1^2 gen - m ( s 2 s l)+ m st( s 2 s l) lQ 2/T amb 

273+30 

= 0.5 (2.5294 - 5.5018) + 1x0.46 In 273 + 120 " 
= - 1.4862-0.1196+ 1.6277 = 0.02186 kJ/K 


-518.5 

293.15 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


6.138 

A piston/cylinder contains 0.1 kg water at 500°C, 1000 kPa. The piston has a stop at half 
the original volume, similar to Fig. 6.137. The water now cools to room temperature 
25°C. Find the heat transfer and the entropy generation. 


Energy Eq.: m(u 2 - u x ) = jQ 2 - jW 2 

Entropy Eq.: m(s 2 -s,) = iQ 2 /T room + 1 S 2gen 
Process Eq: P = C if v > v stop ; V = C if P < Pf] oat 

State 1: v, = 0.35411 m 3 /kg, Ul = 3124.34 kJ/kg 
sj = 7.7621 kJ/kgK 



p o 



m p 



2 d 

Water 






State a: v a = vj/2 = 0.177055 m 3 /kg < v g 1000 kp a so T a = T sat 1000 kp a = 179.9°C 


The possible state 2 (P,V) combinations are 
shown. State “a” is (1000 kPa, v a ) so it is 

two-phase with T a = 180°C > T 2 

P 2 = P sat25C = 3 - 169kPa and v 2 = v a 
X 2 = (v 2 - v f )/v fg = (0.177 - 0.001003)/43.358 

= 0.0040604 



u 2 = Uf + x 2 u fg = 104.86 + x 2 2304.9 = 1 14.219 kJ/kg 
s 2 = s f + x 2 Sfg = 0.3673 + x 2 8.1905 = 0.40056 kJ/kgK 


1 W 2 = m 1 P dv = m Pj (v 2 - vj) [see area below process curve in figure] 
= 0.1 kg x 1000 kPax (0.177055 -0.3541 l)m 3 /kg = - 17.706 kJ 


: Q 2 = m(u 2 - u : ) + : W 2 = 0.1 kg (114.219 - 3124.34) kJ/kg - 17.706 kJ 

= -318.72 kJ 

1 ^ 2 , gen — m ( s 2 — s l) ~ ^2^^0001 

= 0.1 kg(0.40056 - 7.7621) kJ/kgK + 318.72 kJ/298.15 K 
= -0.73615 kJ/K + 1.06899 kJ/K = 0.333 kJ/K 
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6.139 

A hollow steel sphere with a 0.5-m inside diameter and a 2-mm thick wall contains 
water at 2 MPa, 250°C. The system (steel plus water) cools to the ambient temperature, 
30°C. Calculate the net entropy change of the system and surroundings for this process. 

C.V.: Steel + water out to ambient T 0 . This is a control mass. 

Energy Eq.: U 2 - Uj = m H20 (u 2 - u : ) + m steel (u 2 - Uj) = jQ 2 - jW 2 

Entropy Eq.: S 2 - Sj = J dQ/T + ,S 2 gen = iQ 2 /T 0 + jS 2 gen 
Process: V = constant => {W 2 = 0 

m s teei = (pV) stee i = 8050 x (tt/ 6)[(0.504) 3 - (0.5) 3 ] = 12.746 kg 

V H2o = (7r/6)(0.5) 3 , m H20 = V/v = 6.545x 10‘ 2 /0. 11144 = 0.587 kg 

v 2 = Vl = 0.11144 = 0.001004 + x 2 x 32.889 => x 2 = 3.358xl0' 3 

u 2 = 125.78 + 3.358xl0' 3 x 2290.8 = 133.5 kJ/kg 

s 2 = 0.4639 + 3.358xl0' 3 x 8.0164 = 0.4638 kJ/kg K 

lQ 2 = m H 2 o(u 2 - ui) + m steel (u 2 -u,) 

= 0.587(133.5-2679.6)+ 12.746 x 0.48(30-250) 

= -1494.6 + (-1346) = -2840.6 kJ 
S 2 -S 1= m H20 (s 2 - s 2 ) + m steel (s 2 - s 2 ) = 0.587(0.4638 - 6.545) 

+ 12.746 x 0.48 In (303.15 / 523.15) = -6.908 kJ/K 
as surr = -iQ2 /t o = +2840.6/303.2 = +9.370 kJ/K 
lS 2 gen = S 2 - Sj - i Q 2 /T 0 = -6.908 + 9.370 = +2.462 kJ/K 
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6.140 

A cylinder/piston arrangement contains 10 g ammonia at 20°C with a volume of 1 L. 
There are some stops so if the piston is at the stops the volume is 1.4 L. The ammonia is 
now heated to 200°C by a 240°C source. The piston and cylinder is made of 0.5 kg 
aluminum, and assume that the mass has the same temperature as the ammonia at any 
time. Find the total heat transfer and the total entropy generation 

C.V. NH3. Control mass, goes out to source 

Energy Eq.: U 3 - Uj = m NH3 (u 3 - Uj) + m A , u (u 3 - u : ) = : Q 3 - ,W 3 

Entropy Eq.: m NH3 (s 3 - Sj) + m Alu (s 3 - Sj) = iQ 3 /T source + 1 S 3 gen 
State 1: B.2.1 v 1 = V/m = 0.001 / 0.01 = 0.1 m 3 /kg <v so 2-phase P = 857.5 kPa 
Xj = (v - v f )/ v fa = (0.1 -0.001638)/ 0.14758 = 0.6665 
u 1 = u f + x 1 Uf g = 272.89 + Xj x 1059.3 = 978.91 kJ/kg 
s 1 = Sf + Xj s fg = 1.0408 + x 1 x 4.0452 = 3.73693 kJ/kgK 

State 2: v 0 = 1.4 x v 1 = 0.14 m 3 /kg & P = 857.5 kPa still 2-phase so T 7 = 20°C 

State 3: 200°C & v 3 = v 2 , => P = 1600 kPa, u 3 = 1676.5 kJ/kg, s 3 = 5.9734 kJ/kgK 

We get the work from the process equation (see P-V diagram) 

jW 3 = jW 2 = Pjm(v 2 - Vj) = 857.5 kPa x 0.01 (0.14 - 0.1) m 3 = 0.343 kJ 

The energy equation and the entropy equation give heat transfer and entropy generation 

,Q 3 = m NH3 ( u 3 - u l) + m Alu ( u 3 - u l) + i W 3 
= 0.01 (1676.5 - 978.91) + 0.5 x 0.9 (200 - 20) + 0.343 = 88.32 kJ 

l S 3,gen = m NH3( s 3 “ s l) + m Alu( s 3 “ s l) “ lQ3 /T source 

473 15 88 32 

= 0.01 (5.9734 - 3.73693) + 0.5 x 0.9 ln ( 293 ~ 15 ) - 513 15 
= 0.02236 + 0.21543 - 0.1721 = 0.0657 kJ/K 
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6.141 

A cylinder/piston arrangement contains 0.1 kg R-410A of quality x = 0.2534 and at 
-20°C. Stops are mounted so V stop = 3V l5 similar to Fig. P6.140. The system is now 

heated to the final temperature of 20°C by a 50°C source. Find the total entropy 
generation. 


C.V. The R-410A mass out to source. 

Energy Eq.3.5: m(u 2 - u : ) = jQ 2 - jW 2 

Entiopy Eq.. S 2 — Sj — } dQ/T + jS 2 g en — iQ 2 /T source + jS 2 g en 
Process: P = Constant if V < V stop ; V = V stop if P > P 1 

State 1: u : = 27.92 + x, 218.07 = 83.18 kJ/kg, Pj = P sat = 399.6 kPa 

V! = 0.000803 + x, 0.064 = 0.01702 m 3 /kg 
Sj = 0.1154 + xj 0.9625 = 0.2439 kJ/kgK 

State la: v stop = 3 Vj = 0.05106 m 3 /kg < v g at Pj 

State 2: at 20°C > Tj : v stop > v g = 0.01758 m 3 /kg so superheated vapor. 

Table B.4.2: P 2 = 600 kPa, u 2 = 273.56 kJ/kg, s 2 = 1.1543 kJ/kgK 

jW 2 = f PdV = P 1 m(v 2 - vj) = 399.6 xO.l (0.051 -0.017)= 1.36 kJ 

: Q 2 = m(u 2 - u : ) + iW 2 = 0.1(273.56 - 83.18) + 1.36 = 20.398 kJ 

1^2, gen — m (®2 “ ®l) — lQ2^source 

20.398 

= 0.1 (1.1543 - 0.2439) - 323 lg = 0.0279 kJ/K 


See the work term 
from the process in 
the P-v diagram 
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6.142 

One kg of air at 300 K is mixed with 2 kg air at 400 K in a process at a constant 
100 kPa and Q = 0. Find the final T and the entropy generation in the process. 


C.V. All the air. 

Energy Eq.: U 2 - U] = 0-W 

Entropy Eq.: S 2 - Si = 0 + iS 2 gen 
Process Eq.: P = C; W = P(V 2 -V 1 ) 

Substitute W into energy Eq. 




U 2 - Uj + W = U 2 - Uj + P(V 2 - Vj) = H 2 - Hj = 0 


Due to the low T let us use constant specific heat 


H 2 - Hi - m A (h 2 - hj) A + m B (h 2 - h^g 

= m A Cp(T 2 - T A i) +m B C p (T 2 -T B1 ) = 0 


m A T Al +m B T Bl 1 _ 
T 2- m A + m B ~3 T A1 


+ 3 T B! 


= 366.67 K 


Entropy change is from Eq. 6.16 with no change in P 

T 2 T 2 

1 S 2 gen - S 2 “ S 1 ~ m A C p ln j + m B C p ln j 

366.67 366.67 

= 1 x 1 .004 ln +2x 1 .004 ln ^qq 

= 0.20148 - 0.17470 = 0.0268 kJ/K 


Remark: If you check, the volume does not change and there is no work. 
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6.143 

Air in a rigid tank is at 900 K, 500 kPa and it now cools to the ambient 
temperature of 300 K by heat loss to the ambient. Find the entropy generation. 

C.V. Air out to ambient. No size given so do it per unit mass. 

Energy Eq.3.5: u 2 -u l = C V (T 2 -T 1 )= iq 2 - iw 2 

Entropy Eq.6.37: s 2 -s, = iq 2 /T amb + is 2 

gen tot 

Process: V = constant => v 2 = V] also | W 2 = 0 

Ideal gas: P 2 = P : T 2 / Tj = 500 x 300/900 = 166.67 kPa 

From Table A.7: u^ = 674.82 kJ/kg; s x j = 8.01581 kJ/kg-K; 

u 2 = 214.36 kJ/kg; s T2 = 6.86926 kJ/kg-K 

iq2 = u 2 - Ul = 214.36 - 674.82 = -460.46 kJ/kg 

192 _ ^2 192 

l s 2 gen tot — s 2 — S 1 — T — S T2 — s Tl — ° l n (p ) — T 

A amb A 1 A amb 

166.67 -460.46 

= 6.86926 - 8.01581 - 0.287 ln( 5QQ ) - 3QQ 

= 0.661 kJ/kg-K 

We could also have used constant specific heat being slightly less accurate. 
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6.144 

Two rigid insulated tanks are connected with a pipe and valve. One tank has 0.5 kg air at 
200 kPa, 300 K and the other has 0.75 kg air at 100 kPa, 400 K. The valve is opened and 
the air comes to a single uniform state without external heat transfer. Find the final T and 
P and the entropy generation. 


Solution: 

C.V. Total tank. Control mass of constant volume. 

Mass and volume: m 2 = m A + m B ; V = V A + V B 

Energy Eq.: U 2 - U, = m 2 u 2 - m A u A1 - m B u B1 = : Q 2 - {W 2 = 0 

Entropy Eq.: S 2 - S : = m 2 s 2 - m A s A1 - m B s B1 = ,Q 2 /T + X S 2 gen 

Process Eq.: V = constant => jW 2 = 0; Insulated => jQ 2 = 0 

Ideal gas at Al: V A = m A RT A1 /P A1 = 0.5 x 0.287 x 300 / 200 = 0.2153 m 3 

Ideal gas at Bl: V B = m B RT B1 / P B1 = 0.75 x 0.287 x 400 / 100 = 0.861 m 3 

State 2: m 2 = m A + m B = 1.25 kg; V 2 = V A + V B = 1.0763 m 3 


Energy Eq.: 


m A u A i +m B u B i 


u 2 = 


m 2 


and use constant specific heat 


m A m B o.5 0.75 

T 2 = T A1 + — T B1 = TX7 300 + TW7 400 = 360 K 


m 2 


m 2 


1.25 


1.25 


P 2 = m 2 RT 2 /V = 1.25 kg x0.287 kJ/kgK x360 K/ 1.0763 m 3 = 120 kPa 
S 2 - Sj = m A [C P lnT 2 /T A1 - Rln(P 2 /P A1 )] + m B [C P lnT 2 /T B1 - Rln(P 2 /P B1 )] 


360 


120 


360 


120 


= 0.5[ 1.004 - 0.287 ] + 0.75[1.004 hr^ - 0.287 lny^J 

= 0.5 x 1.3514 + 0.75 x (-0.1581) = 0.5571 kJ/K 
lS 2 gen = S 2 - Si = 0.5571 kJ/K 
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6.145 

One kg of air at 100 kPa is mixed with 2 kg air at 200 kPa, both at 300 K, in a 
rigid insulated tank. Find the final state (P, T) and the entropy generation in the process. 

C.V. All the air. 

Energy Eq.: U 2 - U| = Q-W 

Entropy Eq. : S 2 - S : = Q/T + : S 2 gen 
Process Eqs.: V = C; W = 0, Q = 0 
States A1,B1: u^i = u B1 

v A = m A RT l/ p Ab V B = m B RT|/P B] 


U 2 -U 1 = m 2 u 2 - m A u A1 - m B u B1 = 0 => u 2 = (u A1 + 2u B1 )/3 = u A1 
State 2: T 2 = Tj = 300 K (from u 2 ); m 2 = m A + m B = 3 kg; 

V 2 = tn 2 RT | /P 2 = V A + V B = m A RT 1 /P A1 + m B RT 1 /P B1 
Divide with m A RT ] and get 

1 2 , 

3/P 2 = 1/P A1 + 2/P B1 = — + — = 0.02 kPa 1 => P 2 = 150 kPa 
Entropy change from Eq. 6.16 with the same T, so only P changes 

P 2 P 2 

iS 2 gen = S 2 - Sj = -m A R In p~ - m B R In 

r Al r Bl 

150 150 

= - 0.287 [1 x In + 2 x In ] 

= - 0.287 (0.4055 - 0.5754) = 0.049 kJ/K 









zh 
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6.146 

A rigid storage tank of 1.5 m 3 contains 1 kg argon at 30°C. Heat is then 
transferred to the argon from a furnace operating at 1300°C until the specific entropy of 
the argon has increased by 0.343 kJ/kg K. Find the total heat transfer and the entropy 
generated in the process. 

Solution: 

C.V. Argon out to 1300°C. Control mass. , m = 1 kg 

Argon is an ideal gas with constant heat capacity. 

Energy Eq.3.5: m (u 2 - u : ) = m C v (T 2 - Tj) = : Q 2 - iW 2 

Entropy Eq.6.37: m(s 2 - s,) = !Q 2 /T res + ,S 2 gen tot 
Process: V = constant => v 2 = Vj also jW 2 = 0 
Properties: Table A. 5 R = 0.20813, C v = 0.312 kJ/kg K 
State 1: (T b v 1= V/m ) Pj = mRTj/V = 42.063 kPa 
State 2: s 2 = Sj + 0.343, and change in s from Eq.6.16 or Eq.6.17 

s 2 - Sl =C p In (T 2 / Tj ) - R In (T 2 /T 1 ) = C v ln (T 2 / Tj ) 

s 2 - s l 0.343 

T 2 / T| = expf - ^ ] = exp[g ^ \j\ = exp(l. 09936) = 3.0 

Pv = RT => (P 2 /P 1 )(v 2 /v 1 ) = T 2 /T 1 =P 2 /P 1 

T 2 = 3.0 x Tj = 909.45 K, P 2 = 3.0 x Pj = 126.189 kPa 



Heat transfer from energy equation 

jQ 2 = 1 x 0.312 (909.45 - 303.15) = 189.2 kj 
Entropy generation from entropy equation 

1^2 gen tot — m (®2 ~ ®l) — ] Q2^res 

= 1 x 0.343 - 189.2 / (1300 + 273) = 0.223 kJ/K 
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6.147 

Argon in a light bulb is at 1 10 kPa, 90°C. The light is turned off so the argon 

cools to the ambient 20°C. Disregard the glass and any other mass and find the specific 
entropy generation. 

Solution: 

C.V. Argon gas. Neglect any heat transfer. 

Energy Eq.3.5: m(u 2 - u^ = 

Entropy Eq.6.37: s 2 - s, = j dq/T + ,s 2 gen = iq 2 /T room + ,s 2 gen 
Process: v = constant and ideal gas => P 2 / Pj = T 2 /Tj 

: q 2 = u 2 - u : = C v (T 2 - T : ) = 0.312 (20 - 90) = -21.84 kJ/kg 

Evaluate changes in s from Eq.6.16 or 8.17 

s 2 - sj = C p In (T/Ti) - R In (P 2 / P x ) Eq.6.16 

= C p In (T/Tj) - R In (T 2 / T,) = C v ln(T 2 /T,) Eq.6.17 

= 0.312 In [ (20 + 273)/(90 + 273) ] = -0.06684 kJ/kg K 
l s 2 gen = s 2 - s l - iq2 /T room = -0.06684 + 21.84/293.15 

= 0.00766 kJ/kgK 
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6.148 

A rigid tank contains 2 kg of air at 200 kPa and ambient temperature, 20°C. An 
electric current now passes through a resistor inside the tank. After a total of 100 kJ of 
electrical work has crossed the boundary, the air temperature inside is 80°C. Is this 
possible? 

Solution: 

C.V.: Air in tank out to ambient; 

Energy Eq. 3. 5: m(u 2 - uj) = jQ 2 - iW 2 , ] W 2 = -100 kJ 

Entropy Eq.6.37: m(s 2 - sj) = J dQ/T + 2 S 2 gen = iQ 2 /T amb + l s 2 gen 
Process: Constant volume and mass so v 2 = Vj 

State 1 : Tj = 20°C, P : = 200 kPa, mj = 2 kg 

State 2: T 2 = 80°C, v 2 = vj 

Ideal gas, Table A.5: R = 0.287 kJ/kg-K, C v = 0.717 kJ/kg-K 

Assume constant specific heat then energy equation gives 

jQ 2 = mC v (T 2 - Tj) + jW 2 = 2x 0.717(80 - 20) - 100 = -14.0 kJ 

Change in s from Eq.6.17 (since second term drops out) 

s 2 - s l = C v In CiyTj) + Rln ^ ; v 2 = v b In ^ = 0 

s 2 - sj = C v ln (T^Tj) = 0.1336 kJ/kg-K 
Now Eq.6.37 

lS 2g en = m (s 2 -s 1 ) - 1 Q 2 /T amb = 2 X 0.1336 + 293 = 0.315 kJ/K >0, 


Process is Possible 
T 

Note: P 2 = Pi inEq.6.16 
same answer as Eq.6.17. 


t 2 

S 2 -S 1 = c p 



results in the 
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6.149 

A piston/cylinder system contains 50 L of air at 300°C, 100 kPa, with the piston 
initially on a set of stops. A total external constant force acts on the piston so a balancing 
pressure inside should be 200 kPa. The cylinder is made of 2 kg of steel initially at 
1300°C. The system is insulated so that heat transfer occurs only between the steel 
cylinder and the air. The system comes to equilibrium. Find the final temperature, and the 
entropy generation. 

C.V.: Steel + water out to ambient T 0 . This is a control mass. 

Energy Eq.: U 2 - U : = m air (u 2 - u : ) + m st (u 2 - uj) = : Q 2 - ,W 2 

Entropy Eq.: S 2 - Sj = m air (s 2 - Sj) + m st (s 2 - s 2 ) = J dQ/T + ,S 2 gen = ,S 2 gen 

Process: jQ 2 = 0 and must be on P-V diagram shown 

m air = p l v l / RT : = 100 x 0.05 /(0.287 x 573. 15) = 0.0304 kg 
Since V la = Vj then T la = ^(Pao^) = 573.15 x 200/100= 1146.3 K 
Use constant C v for air at 900 K: C v = Au/AT = 0.833 kJ/kgK (from A. 7) 

To reach state la: AU a j r = mC v AT = 0.0304 x 0.833 x (1146 - 573) = 14.5 kJ 

AU st = mC v AT = 2 x 0.46 x (1 146 - 1573) = -392.8 kJ 
Conclusion from this is: T 2 is higher than T la = 1 146 K, piston lifts, P 2 = P float 
Write the work as jW 2 = P 2 (V 2 - Vj) and use constant C v in the energy Eq. as 
m air C v (T 2 -T 1 ) + m st C st (T 2 - Tj) = - P 2 m air v 2 + P 2 W 1 
now P 2 v 2 = RT 2 for the air, so isolate T 2 terms as 

[ m air (C v +R) + m C st ] T 2 = m a j r C v Tj a j r + mC st Tj st + P 2 V^ 
[0.0304 x 1.12 + 2 x 0.46] T 2 = 0.0304 x 0.833 x 573.15 

+ 2 x 0.46 x 1573.15 + 200 x 0.05 

Solution gives: T 2 = 1542.7 K 

1 S 2 gen = S 2 “ S 1 = m air( s 2 “ s l) + m st( s 2 “ s l) 

= m air [Cp ln(T 2 /T j air ) - R ln(P 2 /P ,)] + m st C st ln(T 2 /T, st ) 

1542.7 200 1542.7 

= 0.0304[1.12 In ^ - 0.287 In Jqq 1 + 2 x 0.46 In (^573 ^5) 

= 0.027665 - 0.017982 = 0.0097 kJ/K 
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6.150 

A spring loaded piston cylinder contains 1.5 kg air at 27°C and 160 kPa. It is now 
heated in a process where pressure is linear in volume, P = A + BV, to twice the initial 
volume where it reaches 900 K. Find the work, the heat transfer and the total entropy 
generation assuming a source at 900 K. 

Solution: 

C.V. Air out to the 900 K source. Since air T is lower than the source 
temperature we know that this is an irreversible process. 

Continuity Eq.: m 2 = lrq = m, 


Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - iW 2 


Entropy Eq.6.37: 

Process: 

State 1: (T l ,P l ) 


m (s2 - si) = J dQ/T + !S 2 gen = iQ2/T source + jS 2 gen 
P = A + BV 

Table A. 7 Uj = 214.36 kJ/kg 


V : = mRTj/ P : = (1.5 x 0.287 x300) kJ / 160 kPa = 0.8072 m 3 


State 2: (T 2 , v 2 = 2 Vj) Table A.7 u 2 = 674.824 kJ/kg 


P 2 = RT 2 / v 2 = RT 2 /2vj = T 2 Pj/ 2T 1= P : T 2 /2 T : 


= 160 kPa x 900 K/(2x 300 K) = 240 kPa 
From the process equation we can express the work as 

jW 2 = j PdV = 0.5 x (P : + P 2 ) (V 2 - V : ) = 0.5 x (Pj + P 2 ) V! 

= 0.5 x (160 + 240) kPa x 0.8072 m 3 = 161.4 kJ 
jQ 2 = 1.5 x (674.824 - 214.36) + 161.4 = 852.1 kJ 

Change in s from Eq.6.19 and Table A.7 values 

P 2 

1 S 2 gen = m ( s T2 - S T1 - R in ^ ) - 1Q2/TSOURCE 


240 852.1 

= 1.5 x [8.0158 - 6.8693 - 0.287 In ( )] - ( ) 
= 1.545 - 0.947 = 0.598 kJ/K 
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6.151 

A rigid container with volume 200 L is divided into two equal volumes by a 
partition, shown in Fig. P6.151. Both sides contain nitrogen, one side is at 2 MPa, 200°C, 
and the other at 200 kPa, 100°C. The partition ruptures, and the nitrogen comes to a 
uniform state at 70°C. Assume the temperature of the surroundings is 20°C, determine 
the work done and the net entropy change for the process. 

Solution: 

C.V. : A + B no change in volume. jW 2 = 0 
m Al = PaiVai/RTai = (2000 x 0.1)7(0.2968 x 473.2) = 1.424 kg 
m B i = P b 1 V b 1 /RT b1 = (200 x 0.1)/(0.2968 x 373.2) = 0.1806 kg 
p 2 = m T0T RT 2 /V T0T = (1.6046 x 0.2968 x 343.2)/0.2 = 817 kPa 
From Eq.6.16 

S 2 - Si = m Al (s 2 - Sj) Al + m Bl (s 2 - Sj) Bl 

343 2 817 

= 1 .424 kg [ 1.042 In -0.2968 In 2000 ] kJ/k S K 

343 2 817 

+ 0.1806 kg [1.042 In 3^2 -0.2968 In 200] kJ/kgK = -0.1894 kJ/K 

jQ 2 = U 2 - Uj = 1.424 X 0.745(70 - 200) + 0.1806 x 0.745(70 - 100) 

= -141.95 kJ 
From Eq.6.37 

lS 2 gen = S 2 - Si - iQ 2 /T 0 = -0.1894 kJ/K + 141.95 kJ /293.2 K 
= -0.1894 + 0.4841 = +0.2947 kJ/K 
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6.152 

A constant pressure piston/cylinder contains 0.5 kg air at 300 K, 400 kPa. Assume the 
piston/cylinder has a total mass of 1 kg steel and is at the same temperature as the air at 
any time. The system is now heated to 1600 K by heat transfer from a 1700 K source. 
Find the entropy generation using constant specific heat for air. 

C.V. Air and Steel. 

Energy Eq.: U 2 - U, = m air (u 2 - u : ) + m st (u 2 - u : ) = iQ 2 - ,W 2 

Entropy Eq.6.37: m air (s 2 - Sj) + m st (s 2 - Sj) = iQ 2 /T source + iS 2 gen 

2 

Process: P = C => jW 2 = / PdV = P (V 2 - Vj) = P m air (v 2 - vj) 

1 

1Q2 = m air( u 2 - u l)air + m st(U2 “ U,) st + ,W 2 = m air (h 2 - hj)^ + m st (u 2 - U , ) st 


Use A. 3: (u 2 - uj) st = C (T 2 - T) = 0.46 kJ/kgK x (1600 - 300) K = 598 kJ/kg 

Use A. 5: (h 2 - hj)^ = C p (T 2 - T,) = 1.004 kJ/kgK x (1600 - 300) K = 1305.2 kJ/kg 


1Q2 = m air( h 2 - h l)air + m st(u 2 ~ u lkt 

= 0.5 kg X 1305 kJ/kg + 1 kg x 598 kJ/kg = 1250.6 kJ 


S 2 - Sj = m air (s 2 - sj) + m st (s 2 - s 2 ) 

1600 1600 
= 0.5 kg x 1.004 kJ/kgK x In ^qq + 1 kg x 0.46 kJ/kgK x In ^qq 

= 1.6104 kJ/K 

jS 2 gen = S 2 - Sj - iQ 2 /T solirce = 1.6104 - 1250.6/1700 = 0.875 kJ/K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


6.153 

Do Problem 6.152 using Table A. 7. 

C.V. Air and Steel. 

Energy Eq.: U 2 - U, = m air (u 2 - Uj) + m st (u 2 - u : ) = : Q 2 - jW 2 

Entropy Eq.6.37: m air (s 2 - s,) + m st (s 2 - s,) = iQ 2 /T source + iS 2 gen 

2 

Process: P = C => jW 2 = / PdV = P (V 2 - V : ) = P m air (v 2 - v : ) 

1 

lQ2 = m air( u 2 " u l)air + m st(u 2 “ u l)st + 1 W 2 = m air( h 2 " h l)air + m st(u 2 “ u lk,t 

Use air tables A.7: (h 2 - hy ak = 1757.33 - 300.47 = 1456.86 kJ/kg 

(s 2 - s , ) air = 8.69051 - 6.86926 + 0 = 1.82125 kJ/kgK 
No pressure correction as P 2 = P| 

Use A. 3: (u 2 - = C(T 2 - Tj) = 0.46 kJ/kgK x(1600 - 300) K = 598 kJ/kg 

1Q2 = m air( h 2 - h l)air + m st(u 2 ~ Ul)st 

= 0.5 kg X 1456.86 kJ/kg + 1 kg x 598 kJ/kg = 1326.43 kj 


S 2 -Sj= m air (s 2 - Sj) + m st (s 2 - sj) 


1 



= 1.82125 + 1 kg x 0.46 kJ/kgK x In - 3 qq-= 2.59128 kJ/K 
= S 2 - Sj - iQ 2 /T source = 2.59128 - 1326.43/1700 = 1.811 kJ/K 
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6.154 

Nitrogen at 200°C, 300 kPa is in a piston cylinder, volume 5 L, with the piston 
locked with a pin. The forces on the piston require a pressure inside of 200 kPa to balance 
it without the pin. The pin is removed and the piston quickly comes to its equilibrium 
position without any heat transfer. Find the final P, T and V and the entropy generation 
due to this partly unrestrained expansion. 

Solution: 

C.V. Nitrogen gas. 

Energy Eq.3.5: m(u 2 - uj) = jQ 2 - iW 2 = - J P eq dV = -P 2 (V 2 - V : ) 

Entropy Eq.6.37: m(s 2 - Sj) = 0 + iS 2gen 

Process: |Q 2 = 0 (already used), P = P eq after pin is out. 

State 1 : 200 °C, 300 kPa State 2: P 2 = P eq = 200 kPa 


m = PjVj/RTj = 300 x 0.005 / 0.2968 x 473.15 = 0.01068 kg 

The energy equation becomes 

mu 2 + P 2 V 2 = imq + P 2 V j = mh 2 => 

h 2 = Uj + P 2 V j/m = u 1 + P 2 V y RT i /P i Vj = u^ + (P 2 /P j) RT ^ 


Solve using constant C p , C v 

C p T 2 = C v T 1 + (P 2 /P 1 )RT 1 
T 2 = T : [C v + (P 2 /P i) R] / C p 

= 473.15 [0.745 + (200 / 300) x 0.2368] / 1.042 

= 428.13 K 

428.13 300 

V 2 = Vi( T 2 / T i) x ( Pj/P 2 ) = 0.005 x 473 15 x 2 qq 


= 0.00679 m 3 


tS 2 gen = m(s 2 - Sl ) = m[C p In (T 2 /Tj) - R In (P 2 / P : )] 

= PjVj /RT, [C p In (T 2 /Tj) - R In (P 2 / Pj)] 

= 0.01068 [1.042 x In (428.13/473.15) - 0.2968 x In (200 / 300)] 

= 0.000173 kJ/K 
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6.155 

The air in the tank of Problem 6.88 receives the heat transfer from a reservoir at 
450 K. Find the entropy generation due to the process from 1 to 3. 

C.V. Air out to reservoir. 

Energy eq.: m(u 3 - u : ) = : Q 3 - ,W 3 

Entropy eq.: m(s 3 - Sj) = jQ 3 /T res + ,S 3 gen 

100x0.75 kPa m 3 

Statel: m = P 1 Vi/RT 1 = — x 3Q0 0.871 kg 

Process 1 to 2: Constant volume heating, dV = 0 => iW 2 = 0 
p 2 = Pj T 2 / Tj = 100 x 400 / 300 = 133.3 kPa 
Process 2 to 3: Isothermal expansion, dT = 0 => u 3 = u 2 and 

p 3 = P 2 V 2 / V 3 = 133.3 x 0.75 / 1.5 = 66.67 kPa 

V 3 

2 W 3 = P dV = P 2 V 2 In ( y - ) = 133.3 x 0.75 ln(2) = 69.3 kJ 

The overall process: 

,W 3 = ,W 2 + 2 W 3 = 2 W 3 = 69.3 kJ 
From the energy equation 

lQ 3 = m(u 3 - u : ) + i W 3 = m C v (T 3 - Tj) + | W 3 

= 0.871 x 0.717 (400 - 300) + 69.3 = 131.8 kJ 


lS 3 ge n = m(s 3 - sj)- jQ 3 /T 

res 

T P 

= m (C P In - R In ^ ) - : Q 3 /T res 


400 

= 0.871 [ 1.004 In 3 QQ- 0.287 In 


66.67 

100 


] 


= 0.060 kJ/K 


131.8 

450 
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6.156 

One kg of carbon dioxide at 100 kPa, 400 K is mixed with two kg carbon dioxide 
at 200 kPa, 2000 K, in a rigid insulated tank. Find the final state (P, T) and the entropy 
generation in the process using constant heat capacity from Table A. 5. 

C.V. All the carbon dioxide. 

Continuity: m 2 = m A + m B = 3 kg 

Energy Eq.: U 2 - U] = 0-0 

Entropy Eq.: S 2 - S : = 0 + 2 S 2 gen 

Process Eqs.: V = C; W = 0, Q = 0 
V A = m A RT|/P A |; V B = m B RT 1 /P B1 

U 2 - Uj = m 2 u 2 - m A u A1 - m B u B1 = 0 

= m 2 C v T 2 - m A C v T A1 - m B C v T B1 

1 2 

=> T 2 = (m A T A1 + m B T B1 )/ m 2 =^x 400 + 3 x 2000 = 1466.7 K 

State 2: V 2 = m 2 RT 2 /P 2 = V A + V B = m A RT A1 /P A1 + m B RT B1 /P B1 

= 1 x R x 400/100 + 2 x R x 2000/200 = 24 R 
Substitute m 2 , T 2 and solve for P 2 

P 2 = 3 R T 2 /24 R = 3 x 1466.7 / 24 = 183.3 kPa 

Entropy change from Eq. 6.16 

T 2 P2 1466.7 183.3 

(s 2 - Si) A = C n ln^ - R In 7; = 0.842 In 7^7: -0.1889 In , nn 

v z i/A p x A1 p A1 400 100 

= 0.97955 kJ/kgK 

T 2 P 2 1466.7 183.3 

(s 2 - Si) B = C p In - R In ^ = 0.842 In 2QQQ - 0. 1889 In -^qq- 

= -0.24466 kJ/kgK 

1 S 2 gen = S 2 ~ S 1 = m A( s 2 “ s l)A + m B( s 2 “ s l)B 

= 1 x 0.97955 + 2 (-0.24466) = 0.49 kJ/K 









cb 
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6.157 

One kg of carbon dioxide at 100 kPa, 400 K is mixed with two kg carbon dioxide 
at 200 kPa, 2000 K, in a rigid insulated tank. Find the final state (P, T) and the entropy 
generation in the process using table A. 8 . 

C.V. All the carbon dioxide. 

Continuity: m 2 = m A + m B = 3 kg 

Energy Eq.: U 2 - U] = 0-0 

Entropy Eq.: S 2 - Si = 0 + : S 2 gen 

Process Eqs.: V = C; W = 0, Q = 0 

V A = m A RT l/ p Ab V B = m B RT|/P BI 

U 2 - Uj = m 2 u 2 - m A u A1 - m B u B1 = 0 

1 2 

u 2 = (m A u A1 + m B u B1 )/ m 2 = ^ x 228.19 + 3 x 1912.67 = 1351.18 kJ/kg 

Interpolate in Table A. 8 : T 2 = 1517.2 K, s X2 = 6.6542 kJ/kgK 

State 2: V 2 = m 2 RT 2 /P 2 = V A + V B = m A RT A 1 /P A1 + m B RT B 1 /P B1 

= 1 x R x 400/100 + 2 x R x 2000/200 = 24 R 
Substitute m 2 , T 2 and solve for P 2 

P 2 = 3 R T 2 /24 R = 3 x 1517.2 / 24 = 189.65 kPa 

Entropy change from Eq. 6.19 

00 P 2 189.65 

(s 2 - Si) A = s X2 - s xl - R In = 6.6542 - 5.1 196 - 0.1889 In ]QQ 

A1 

= 1.4137 kJ/kgK 

00 P 2 189.65 

( s 2 _ s i)b =: S T 2 - s T i -R In p = 6.6542 - 7.0278 - 0.1889 In 2 qq 

= -0.36356 kJ/kgK 

l s 2 gen = s 2 - Si = m A (s 2 - Sj) A + m B (s 2 - Sj) B 
= 1 x 1.4137 + 2 (-0.36356) = 0.687 kJ/K 
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6.158 

Nitrogen at 600 kPa, 127°C is in a 0.5 m insulated tank connected to a pipe with 

a valve to a second insulated initially empty tank of volume 0.25 m , shown in Fig. 
P6.158. The valve is opened and the nitrogen fills both tanks at a uniform state. Find the 
final pressure and temperature and the entropy generation this process causes. Why is the 
process irreversible? 


Solution: 

CV Both tanks + pipe + valve Insulated : Q = 0 Rigid: W = 0 

Energy Eq. 3. 5: m(u 2 -u 1 ) = 0-0 => u 2 = u 1 = u a ^ 


Entropy Eq.6.37: 

1: Pi , Tj . V a 
kg 

2: V 2 = V a +V b 


m (s 2 - Si) = | dQ/T + jS 2 gen = lS 2 gen (dQ = 0) 
=> m = PV/RT = (600 x 0.25)/ (0.2968 x 400) = 1.2635 

; uniform state v 2 = V 2 / m ; u 2 = u a ^ 



Ideal gas u (T) => u 2 = u a j => T 2 = T a ^ = 400 K 
P 2 = mR T 2 / V 2 = (Vj / V 2 ) Pj = Vi x 600 = 300 kPa 
From entropy equation and Eq.6.19 for entropy change 
Sgen = m ( s 2 - s l) = m t s T 2 - s T i - R ln(P 2 / Pi)] 

= m [0 - R In (P 2 / P : )] = -1.2635 x 0.2968 In Yi = 0.26 kJ/K 
Irreversible due to unrestrained expansion in valve P X but no work out. 
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6.159 

A cylinder/piston contains carbon dioxide at 1 MPa, 300°C with a volume of 200 
L. The total external force acting on the piston is proportional to V 3 . This system is 
allowed to cool to room temperature, 20°C. What is the total entropy generation for the 
process? 

Solution: 

C.V. Carbon dioxide gas of constant mass n+2 = m l = m out to ambient. 
Energy Eq.3.5: m(u 2 -ui)= ,Q 2 - ]W 2 

Entropy Eq.6.37: m(s 2 - Sj) = J dQ/T + jS 2 gen = iQ 2 /T amb + jS 2 gen 

3 -3 

Process: P = CV or PV = constant, which is polytropic with n = -3 

1000 x 0.2 

State 1: (T, P) => m = P 1 V 1 /RT 1 = Q lgg92 x 573 2 = 1 - 847 kg 

State 2: (T, ?) state must be on process curve and ideal gas leads to Eq.6.28 

n 

=> P 2 = P^T/r^- 1 = 1000(293. 2/573. 2) 3/4 = 604.8 kPa 

1 

V 2 = V 1 (T 1 /T 2 ) n_ 1 = 0.16914 m 3 
tW 2 =f PdV = (P 2 V 2 - PjVjVCl-n) 

= [604.8 x 0.16914 - 1000 x 0.2] / [1 - (-3)] = -24.4 kJ 

lQ 2 = m ( u 2 ~ u l) + 1^2 

= 1.847 x 0.653 (20 - 300) - 24.4 = -362.1 kJ 
From Eq.6.16 

r 293.2 604.8-1 

m(s 2 - Sj) = 1.847 [0.842 In 0.18892 In jqqqJ 

= 1.847[-0.4694] = -0.87 kJ/K 
AS SURR = - lQ2 /T amb = +362.1 1 293 - 2 = +l- 23 5 kJ/K 
From Eq.6.37 or 8.39 

1$2 gen - m ( s 2 ~ s l) _ lQ2/ T amb = A S NET = AS C0 2 + A S surr 
= -0.87 + 1.235 = +0.365 kJ/K 

Notice: 

n = -3, k= 1.3 
n <k 
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6.160 

The air in the engine cylinder of Problem 3.156 looses the heat to the engine 

coolant at 100°C. Find the entropy generation (external to the air) using constant specific 
heat. 


Take CV as the air. m 2 = mj = m ; 


Energy Eq.3.5 m(u 2 - = iQ 2 - iW 2 

Entropy Eq.6.37: m(s 2 - Sj) = J dQ/T + jS 2 gen = iQ 2 /T amb + jS 2 gen 


Process Eq.: Pv n = Constant (polytropic) 

From the ideal gas law and the process equation we can get: 


State 2: P 2 = Pj (v 2 / ° = 4000 xlO L5 = 126.5 kPa 


T 2 = T! (P 2 v 2 /P lVl ) = (1527 + 273) 


126.5 x 10 
4000 


= 569.3 K 


From process eq.: 


1 W 2 = JpdV = ^(P 2 v 2 -P 1 v 1 )=f^(T 2 -T 1 ) 
= °’ 1 |) | '( 87 (569.3 - 1800) = 70.64 kj 


m 


mR 


From energy eq.: ^Q 2 = m(u 2 - uj) + jW 2 = mC v (T 2 - Tj) + jW 2 

= 0.1 x 0.717(569.3 - 1800) + 70.64 = -17.6 kJ 
m(s 2 - Sl ) = m [C P ln(T 2 /T 1 ) - R ln(P 2 /P,)j 

569.3 126.5 

= 0.1 [ 1 .004 In 0.287 In ^^- ] = -0.01645 kJ/K 


1^2 gen m ( s 2 s l) lQ2^ a mb 

= -0.011645 + 17.6/373.15 = 0.0307 kJ/K 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


6.161 

A cylinder/piston contains 100 L of air at 1 10 kPa, 25°C. The air is compressed in 
a reversible polytropic process to a final state of 800 kPa, 500 K. Assume the heat 
transfer is with the ambient at 25 °C and determine the polytropic exponent n and the final 
volume of the air. Find the work done by the air, the heat transfer and the total entropy 
generation for the process. 

Solution: 

C.V. Air of constant mass m 2 = m 1 = m out to ambient. 


Energy Eq.3.5: m(u 2 -Ui)= ,Q 2 - ]W 2 

Entropy Eq.6.37: m(s 2 - Sj) = J dQ/T + jS 2 gen = iQ 2 /T 0 + jS 2 gen 


Process: Pv! n = P 2 v 2 n Eq.6.27 

State 1: (T ls Pp State 2: (T 2 , P 2 ) 

Thus the unknown is the exponent n. 

m = Pj Vj /(RTj) = 110 x 0. 1/(0.287 x 298. 15) = 0. 1286 kg 
The relation from the process and ideal gas is in Eq.6.28 


n-l 

T 2 /T, = (P 2 /P \ ) n 


500 

298.15 


68003 

vlioj 


n-l 


n 


n-l 

n 


0.260573 


n = 1.3524, 


V 2 = V 1 (P 1 /P 2 )n = 0.1 


61103 

IsooJ 


0.73943 


= 0.02306 m 3 


The work is from Eq.6.29 

P 2 V 2 - PjVj 


1 W 2 = /PdV = 


800x0.02306- 110x0.1 


1 -n 


1 - 1.3524 


= -21.135 kj 


Heat transfer from the energy equation 
jQ 2 = mC v (T 2 - Tj) + : W 2 


= 0.1286 x 0.717 x (500 - 298.15) - 21.135 = -2.523 kj 
Entropy change from Eq.6.16 

s 2 -s 1 =C P0 ln(T 2 /T 1 )-Rln(P 2 /P 1 ) 


= 1.004 In 


500 


- 0.287 In 


v 


6 8003 

0-1 oj 


= -0.0504 


kJ 


kg K 


v298.15„ 

From the entropy equation (also Eq.6.37) 

l S 2.gen = m ( s 2 ' s l) ' lQ2 /T 0 

= 0.1286 X (-0.0504) + (2.523/298.15) = 0.00198 kJ/K 
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A room at 22°C is heated electrically with 1500 W to keep steady temperature. The 

outside ambient is at 5°C. Find the flux of S ( = Q/T) into the room air, into the ambient 
and the rate of entropy generation. 

CV. The room and walls out to the ambient T, we assume steady state 
Energy Eq.: 0 = W elin -Q out => Q out = in = 1500 W 

Entropy Eq. : 0 = - Q out /T + S gen tot 

Flux of S into room air at 22°C: Q/T = 1500 / 295.15 = 5.08 W/K 

Flux of S into ambient air at 5°C: Q/T = 1500 / 278.15 = 5.393 W/K 

Entropy generation: S gen tot = Q out /T = 1500 / 278.15 = 5.393 W/K 

Comment: The flux of S into the outside air is what leaves the control volume and since 
the control volume did not receive any S it was all made in the process. Notice most of 
the generation is done in the heater, the room heat loss process generates very little S 
(5.393-5.08 = 0.313 W/K) 
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A mass of 3 kg nitrogen gas at 2000 K, V = C, cools with 500 W. What is dS/dt? 

Assume that we do not generate any s in the nitrogen then 

6 500 W 

Entropy Eq. 6.42: S cv = ~j = ~ 2000 IC = W/K 
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A heat pump, see problem 5.49, should upgrade 5 MW of heat at 85°C to heat 

delivered at 150°C. For a reversible heat pump what are the fluxes of entropy in and out 
of the heat pump? 


C.V.TOT. Assume reversible Carnot cycle. 

• • • 


Energy Eq.: 
Entropy Eq.: 


Q l + W = Q h 




Ql Qh 




The fluxes of entropy become the same as 


Qh Ql 5 MW 
T h _ T l _ 273.15 + 85 K 


= 0.01396 MW/K 


This is what constitutes a reversible process (flux of S in = flux out, no 
generation). 
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Reconsider the heat pump in the previous problem and assume it has a COP of 
2.5. What are the fluxes of entropy in and out of the heat pump and the rate of entropy 
generation inside it? 


C.V. TOT. 


Energy Eq.: 

Q l + W = Q h 

Entropy Eq.: 

Ql Qh • 

” T l Tpj gen tot 



Definition of COP: 



Pref - Php - 1 



1.50 


W in = Ql/Pref = 5/1.50 = 3333 MW 


Qh = Ql+ W = 5 MW + 3.333 MW = 8.333 MW 


Ql 5 MW 
T L _ 273.15 + 85 K 


= 0.01396 MW/K 


Qh _ 8.333 MW 

T H _ 273.15 + 85 K 


= 0.01969 MW/K 


From the entropy equation 


Qh 


’gen tot “ j 


H 


Ql MW 

= (0.01969 - 0.01396) = 5.73 kW/K 
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A radiant heating lamp powered by electricity has a surface temperature of 1000 

K emitting 500 W. The radiation is absorbed by surfaces at the ambient 18°C. 
Find the total entropy generation and specify where it is made, including how 
much. 


CV 1 Radiant element. 


Energy Eq.: 0 = W elin -Q out Entropy Eq.: 0 = - Q out /T surf + S gen CV i 

• • • • 500 

Qout = W el in = 500 W ; Sgen CVI = Qout /T surf = ] ()()() = °- 5 W/K 

CV2 Space between radiant element and 18°C surfaces (this is the room air). 


Energy Eq.: 0 = Q in - Q out 


Qin Qout 


Entropy Eq.: 0 = 7^— - - + S gen CV2 

1 in 1 amb 


Qin = Qout = 500 W; 


Qout Qin 500 500 


°gen CV2 - T _ n - 291.15 1000 

= 1.217 W/K 

The total entropy generation is the sum of the two contributions above, which also 
matches with a total control volume that is the element and the room air. 

CV Radiant element and space out to ambient 18°C. 

Energy Eq.: 0 = W elin -Q out Entropy Eq.: 0 = - Q out /T amb + S gen cv tot 


Qout 500 


Qout Wel in 500 W, S gen ^ 291 15 


= 1.717 W/K 
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A heat pump with COP = 4 uses 1 kW of power input to heat a 25 °C room, 
drawing energy from the outside at 15°C. Assume the high/low temperatures in the heat 
pump are 45°C /0°C. Find the total rates of entropy into and out of the heat pump, the 
rate from the outside at 15°C, and the rate to the room at 25°C? 


Solution: 

C.V.TOT. 
Energy Eq.: 


Q l + W = Q h 


Ql Qh 

Entropy Eq.: 0 = ^ + S gen CV tot 



H 


From definition of COP: Qh = COP W = 4 x 1 kW = 4 kW 

From energy equation: Ql = Qh - W = (4 - 1) kW = 3 kW 

Ql 3 kW 


Flux into heat pump at 0 C: ^ “273 15 K 

L-HP 

Qh 4 kW 
Th-hp 318.15 K 

Qh 4 kW 


= 0.0110 kW/K 


Flux out of heat pump at 45 C: 


= 0.0126 kW/K 


Flux out into room at T H = 25°C 


Flux from outside at 15°C: 


T h “ 298.15 K 

Ql 3 kW 
T L “ 288.15 K 


= 0.0134 kW/K 


= 0.0104 kW/K 


Comment: Following the flow of energy notice how the flux from the outside at 

15°C grows a little when it arrives at 0°C this is due to entropy generation in the 

low T heat exchanger. The flux out of the heat pump at 45°C is larger than the 
flux in which is due to entropy generation in the heat pump cycle (COP is smaller 
than Carnot COP) and finally this flux increases due to entropy generated in the 
high T heat exchanger as the energy arrives at room T. 
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A window receives 500 W of heat transfer at the inside surface of 20°C and 

transmits the 500 W from its outside surface at 2°C continuing to ambient air at -5°C. 
Find the flux of entropy at all three surfaces and the window’s rate of entropy generation. 


• Q 

Flux of entropy: S = j 


Window 


500 W 

Sinside _ 293.15 K - 1-7056 W/K 
500 W 

S win = 275TT5 "k” = 1-8172 W/K 

. 500 W 

s amb- 268.15 K 


= 1.8646 W/K 



Window only: S gen win = S win - S inside = 1.8172 - 1.7056 = 0.112 W/K 

If you want to include the generation in the outside air boundary layer where T 

changes from 2°C to the ambient -5°C then chose the control volume as CV tot and it 
becomes 


Sgen tot = Samb - S insid e = L8646 - 1.7056 = 0.159 W/K 
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An amount of power, say 1000 kW, comes from a furnace at 800°C going into 
water vapor at 400°C. From the water the power goes to a solid metal at 200°C and then 

• 

into some air at 70°C. For each location calculate the flux of s through a surface as (Q/T). 
What makes the flux larger and larger? 

Solution: 


Ti 

-> t 2 -> T 3 -> 

t 4 

furnace 

vapor metal 

air 



Flux of s: F s = Q/T 


with T as absolute temperature. 


F sl = 1000/1073.15 = 0.932 kW/K, 
F s3 = 1000/473.15 = 2.11 kW/K, 


F s2 = 1000/673.15 = 1.486 kW/K 
F s4 = 1000/343.15 = 2.91 kW/K 


T 

800 

400 

200 

70 

(°C) 

T amb 

1073 

673 

476 

646 

K 

Q/T 

0.932 

1.486 

2.114 

2.915 

kW/K 


lS 2 ge n for every change in T 
Q over AT is an irreversible process 
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Room air at 23°C is heated by a 2000 W space heater with a surface filament 
temperature of 700 K, shown in Fig. P6.170. The room at steady state looses the power 

to the outside which is at 7°C. Find the rate(s) of entropy generation and specify where it 
is made. 

Solution: 

For any C.V at steady state the entropy equation as a rate form is Eq.6.43 

dS c .v. r > > 

^ r=0 = JdQ/T + S gen 

C.V. Heater Element 

Sgen = -I dQ/T = -(-2000/700) = 2.857 W/K 
C.V. Space between heater 700 K and room 23°C 

Sgen = -1 dQ/T = (-2000 / 700) - [-2000 / (23+273)] = 3.9 W/K 
C.V. Wall between 23°C inside and 7°C outside 

Sgen = -1 dQ/T = [-2000 / (23+273)] - [2000 / (7 + 273)] = 0.389 W/K 
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A car engine block receives 2 kW at its surface of 450 K from hot combustion gases at 
1500 K. Near the cooling channel the engine block transmits 2 kW out at its 400 K 
surface to the coolant flowing at 370 K. Finally, in the radiator the coolant at 350 K 
delivers the 2 kW to air which is at 25 C. Find the rate of entropy generation inside the 
engine block, inside the coolant and in the radiator/air combination. 


For a C.V at steady state we have the entropy equation as a rate form as Eq.6.43 


dS 


C.V. 


= 0 = J dQ/T + S 


dt ■> - ■ -gen 

CV1. Engine block receives 2 kW at 450 K and it leaves at 400 K 


Sgenl = -1 dQ/T = 


-2000 ^ -2000 


] = 0.555 W/K 


450 L 400 

CV2. The coolant receives 2 kW at 370 K andf gives it out at 350 K 

r • -2000 -2000 

Sgen2 = -fdQ/T =[ ]-[ ] = 0.309 W/K 

CV3 Radiator to air heat transfer. 

. -2000 -2000 

Sgen3 = -fdQ/T =[ ] -[ ]= 0.994 W/K 


Notice the biggest S gen is for the largest change A[l/T] 
Gases Steel Glycol Air flow 



Radiator 


Remark: The flux of S is Q/T flowing across a surface. Notice how this flux 

increases as the heat transfer flows towards lower and lower T. 


T [K] 

1500 

450 

370 

298.15 

Q/T [W/K] 

1.33 

4.44 

5.40 

6.71 
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A farmer runs a heat pump using 2 kW of power input. It keeps a chicken 

hatchery at a constant 30°C while the room loses 10 kW to the colder outside ambient at 

10°C. Find the COP of the heat pump, the rate of entropy generated in the heat pump and 
its heat exchangers, and the rate of entropy generated in the heat loss process? 

Solution: 


C.V. Hatchery, steady state. 

To have steady state at 30°C for the hatchery 


Energy Eq.: 0 = Q H - Q 


Loss 


Q h = Qt = 10 kW 


Loss 


COP: COP = Q H /W= 10/2 = 5 

C.V. Heat pump, steady state 

• • • 

Energy eq.: 0= Q L + W - Q H => 

Ql Qh • 

Entropy Eq. : 0 = S gen H p 

1 -J I” 1 


Q l = Q h - w = 8 kW 


'H 


Qh Ql 


10 


8 


= 0.00473 kW/K 


°gen HP - Th T l - 273 + 30 273 + 10 

C.V. From hatchery at 30°C to the ambient 10°C. This is typically the walls and 

the outer thin boundary layer of air. Through this goes Q Loss - 


• • 

. „ Ql OSS Ql OSS 

Entropy Eq.: 0 = ~ ^ - 7 ^ + S 

i H 


T 

1 amb 
• • 

Ql OSS Qlo SS 


gen walls 

10 


10 


’gen walls “ "p 


amb 


T h " 283 303 


= 0.00233 kW/K 
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An insulated cylinder/piston has an initial volume of 0.15 m 3 and contains steam at 

400 kPa, 200°C. The steam is expanded adiabaticly, and the work output is measured very 
carefully to be 30 kJ. It is claimed that the final state of the water is in the two-phase 
(liquid and vapor) region. What is your evaluation of the claim? 


Solution: 

C.V. Water. 

Energy Eq.3.5: m(u 2 - u x ) = jQ 2 - : W 2 

Entropy Eq.6.3: m(s 2 - Sj) = 1 dQ/T 

Process: ]Q 2 =0 and reversible 

State 1: (T,P) Table B. 1.3 

v 1 = 0.5342, u 1 = 2646.8, sj = 7.1706 kJ/kg K 



With the assumed reversible process we have from entropy equation 

s 2 = Sl = 7.1706 kJ/kg K 

and from the energy equation 

30 

u 2 = u l - jW 2 /m = 2646.8 - Q^gQg = 2540.0 kJ/kg 


State 2 given by (u, s) check Table B. 1.1: s G (at u G = 2540) =7.0259 < Sj 

=^> State 2 must be in superheated vapor region. 
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A piston cylinder has a water volume separated in V A = 0.2 m 3 and V B = 0.3 m 3 

by a stiff membrane. The initial state in A is 1000 kPa, x = 0.75 and in B it is 1600 kPa 
and 250°C. Now the membrane ruptures and the water comes to a uniform state at 200°C 
with heat transfer from a 250°C source. Find the work, the heat transfer, and the total 
entropy generation in the process. 


Take the water in A and B as CV. 
Continuity: m 2 - m 1A - m 1B = 0 


Energy: m 2 u 2 - m 1A u 1A - m 1B u 1B = jQ 2 - : W 2 

Entropy Eq.: m 2 s 2 — m A s A1 - m B s B1 = iQ 2 /T res + !S 2gen 
Process: P 2 = P eq = constant = P 1A as piston floats and m p , P D are constant 

State 1A: Two phase. Table B.1.2 

v 1A = 0.001127 + 0.75 x 0.19332 = 0.146117 m 3 /kg, 


u 1A = 761.67 + 0.75 x 1821.97 = 2128.15 kJ/kg 


s 1A = 2.1386 + 0.75 x 4.4478 = 5.47445 kJ/kg-K 
State IB: v 1B = 0.14184 m 3 /kg, u^ B = 2692.26 kJ/kg, s^ B = 6.6732 kJ/kg-K 
=> m 1A = V 1A /v 1A = 1.3688 kg, m 1B = V 1B /v 1B = 2.115 kg 


State 2: 1000 kPa, 200°C sup. vapor => 

v 2 = 0.20596 m 3 /kg, u 2 = 2621.9 kJ/kg, s 2 = 6.6939 kJ/kgK 

m 2 = m 1A + m 1B = 3.4838 kg => V 2 = m 2 v 2 = 3.4838 x 0.20596 = 0.7175 m 3 


So now 


X W 2 = j P dV = P eq (V 2 - = 1000 (0.7175 - 0.5) 

= 217.5 kj 

tQ 2 = m 2 u 2 - m lA u lA - m lB u lB + 1 W 2 
= 3.4838 x 2621.9 - 1.3688 x 2128.15 
-2.115 x 2692.26 + 217.5 =744 kj 



p 0 



cb nip 



A:H20 



B:H20 






g 


1 S 2 gen = m 2 s 2 _ m A s Al _ m B s Bl ~ lQ2 /T res 

= 3.4838 X 6.6939 - 1.3688 x 5.47445 - 2.115 x 6.6732 - gjyyg 

= 0.2908 kJ/K 
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The water in the two tanks of Problem 3.214 receives the heat transfer from a 
reservoir at 300°C. Find the total entropy generation due to this process. 

Two rigid tanks are filled with water. Tank A is 0.2 m 3 at 100 kPa, 150°C and 
tank B is 0.3 m 3 at saturated vapor 300 kPa. The tanks are connected by a pipe with a 
closed valve. We open the valve and let all the water come to a single uniform state while 
we transfer enough heat to have a final pressure of 300 kPa. Give the two property values 
that determine the final state and heat transfer. 

Take CV total A + B out to reservoir (neglect kinetic and potential energy) 

Energy Eq.: m 2 u 2 - m A u A1 - m B u B1 = jQ 2 - jW 2 = jQ 2 

Entropy Eq.: m 2 s 2 - m A s A1 -m B s B1 = ,Q 2 /T res + 1 S 2gen 

State Al: u = 2582.75 kJ/kg, v = 1.93636 m 3 /kg, s = 7.6133 kJ/kg-K 
=> m A1 =V/v = 0.2/1.93636= 0.1033 kg 

State Bl: u = 2543.55 kJ/kg, v = 0.60582 m 3 /kg, s = 6.9918 kJ/kg-K 
=> m B1 = V/v = 0.3 / 0.60582 = 0.4952 kg 

The total volume (and mass) is the sum of volumes (mass) for tanks A and B. 
m 2 = m A1 + m B1 = 0.1033 + 0.4952 = 0.5985 kg, 

V 2 = V A1 + V B1 = 0.2 + 0.3 = 0.5 m 3 

=> v 2 = V 2 /m 2 = 0.5 /0.5985 = 0.8354 m 3 /kg 
State 2: [P 2 , v 2 ] = [300 kPa, 0.8354 m 3 /kg] 

=> T 2 = 274.76°C and u 2 = 2767.32 kJ/kg, s = 7.60835 kJ/kgK 

From energy eq. 

jQ 2 = 0.5985 x2767.32 - 0.1033 x2582.75 - 0.4952 x2543.55 = 129.9 kJ 
From entropy equation 

1 S 2 gen = m 2 s 2 “ m A s Al “ m B s Bl “ 1 Chores 

= 0.5985 x7. 60835 - 0.1033 x7.6133 - 0.4952 x6.9918 
- 129.9 / (273.15 + 300) = 0.0782 kJ/K 



l J V ^ 
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A steel piston/cylinder of 1 kg contains 2.5 kg ammonia at 50 kPa, -20°C. Now it 

is heated to 50°C at constant pressure through the bottom of the cylinder from external 

hot gas at 200°C, and we assume the steel has the same temperature as the ammonia. 
Find the heat transfer from the hot gas and the total entropy generation. 

Solution: 

C.V. Ammonia plus space out to the hot gas. 

Energy Eq.3.5: m NH3 (u 2 - u : ) + m steel (u 2 - uj) = iQ 2 - ,W 2 

Entropy Eq.6.37: S 2 - Sj = JdQ/T + iS 2gen = iQ 2 / T gas + ,S 2 gen 

S 2 - Si = m NH3 (s 2 - s 2 ) + m steel (s 2 - Sj) 

Process: P = C => jW 2 = Pm NH3 (v 2 - Vl ) NH3 

State 1: (B.2.2) vj = 2.4463 m 3 /kg, h : = 1434.6 kJ/kg, Sl = 6.3187 kJ/kg K 

State 2: (B.2.2) v 2 = 3.1435 m 3 /kg, h 2 = 1583.5 kJ/kg, s 2 = 6.8379 kJ/kg K 

Substitute the work into the energy equation and solve for the heat transfer 
lQ 2 = m NH3 (h 2 - h^ + m steel (u 2 - u 2 ) 


= 2.5 (1583.5 - 1434.6) + 1 x 0.46 [50 -(-20)] = 404.45 kj 


1 S 2 gen - m NH3( s 2 “ s l) + m steel( s 2 “ s l) ~ lQ2 /T gas 


= 2.5 (6.8379 - 6.3187) + 1 x 0.46 ln( 


323.15 
253. 15 } 


404.45 

473.15 


= 0.555 kJ/K 
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6.177 

Water in a piston/cylinder is at 1 MPa, 500°C. There are two stops, a lower one at 
which = 1 m and an upper one at V max = 3 m . The piston is loaded with a mass 
and outside atmosphere such that it floats when the pressure is 500 kPa. This setup is now 
cooled to 100°C by rejecting heat to the surroundings at 20°C. Find the total entropy 
generated in the process. 


C.V. Water. 

Initial state: Table B. 1.3: Vj = 0.3541 1 m 3 /kg, Uj = 3124.3, Sj = 7.7621 

m =V/v, = 3/0.35411 = 8.472 kg 



Final state: 100°C and on line in P-V diagram. 

Notice the following: v g (500 kPa) = 0.3749 > vj, vj = v g (154°C) 

T sat (500 kPa) = 152°C > T 2 , so now piston hits bottom stops. 

State 2: v 2 = v bot = V bot /m = 0.118 m 3 /kg, 
x 2 = (0.118 - 0.001044)/1. 67185 = 0.0699, 
u 2 = 418.91 + 0.0699x2087.58 = 564.98 kJ/kg, 
s 2 = 1.3068 + 0.0699x6.048 = 1.73 kJ/kg K 
Now we can do the work and then the heat transfer from the energy equation 
jW 2 = j’PdV = 500(V 2 - Vi) = -1000 kJ (jw 2 = -118 kJ/kg) 

lQ 2 = m(u 2 - Uj) + : W 2 = -22683.4 kJ ( : q 2 = -2677.5 kJ/kg) 

Take C.V. total out to where we have 20°C: 
m(S2 Si) — 1 Q 2 /T 0 + S gen ^ 

Sgen = m ( s 2 - Si) - 1 Q 2 /T 0 = 8.472 (1.73 - 7.7621) + 22683 / 293.15 
= 26.27 kJ/K ( = AS water + AS sur ) 
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6.178 

A piston/cylinder contains air at 300 K, 100 kPa. A reversible polytropic process 

with n = 1.3 brings the air to 500 K. Any heat transfer if it comes in is from a 325°C 
reservoir and if it goes out it is to the ambient at 300 K. Sketch the process in a P-v and a 
T-s diagram. Find the specific work and specific heat transfer in the process. Find the 
specific entropy generation (external to the air) in the process. 

Solution: 

Process : Pv 11 = C 

n/(n-l) i o /rv n 

P 2 /Pi = (T 2 /Ti) = (500/300) L3/0 - 3 = 9.148 


Energy equation 


l w 2 


= J P dv = 


'P 2 v 2 -Pivi 


V 


1-n 


R 


/ 


,=T^( T 2-Tl) 

0.287 

(500 - 300) = -191.3 kj/kg 


192 = U 2 - u i +l w 2 = C v ( T 2 -Ti ) + ! W 2 
= 0.717 (500 - 300) - 191.3 = -47.93 kj/kg 


The ^q 2 is negative and thus goes out. Entropy is generated between the air and ambient. 

s 2 ' S 1 = l92 /T amb+ l s 2 gen 


1S2 gen = s 2 - Si - iq 2 /T am b = C P ln (T^i) “ R ln (P 2 /Pi) - iq 2 /T amb 


500 -47.93 

l s 2 gen = 1 - 004 ln (300) - °- 287 ln 9 - 148 - ( 300 ) 

= 0.51287 - 0.635285 + 0.15977 

= 0.03736 kj/kg K 



Notice: 

n= 1.3, k= 1.4 
n < k 
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6.179 

Assume the heat transfer in problem 3.213 came from a 200°C reservoir. What is 
the total entropy generation in the process? 

C.V. Water in A and B. Control mass goes through process: 1 -> 2 
Continuity Eq.: m 2 -m A1 -m B1 = 0 =>m 2 = m A1 + m B1 = 0.5 + 0.5 = 1 kg 

Energy Eq.: U 2 - U, = ,Q 2 - ,W 2 

Entropy Eq.: m 2 s 2 - m A s A1 - m B s B1 = + 1 S 2gen 

State Al: v A1 = 0.001067 + x A1 x 0.71765 = 0.072832; V A1 = mv = 0.036416 m 3 

u A1 = 535.08 + 0.1 x 2002.14 = 735.22 kJ/kg; 

s A1 = 1.6072 + 0.1 x 5.4455 = 2.15175 kJ/kgK 

State Bl: v B1 = 1.5493 m 3 /kg; u B1 = 2966.69 kJ/kg; s B1 = 8.2217 kJ/kg-K 

V B1 = (mv) B1 = 0.77465 m 3 

State 2: If V 2 > V A] then P 2 = 200 kPa that is the piston floats. 

For (T 2 , P 2 ) = (150°C, 200 kPa) => superheated vapor 

u 2 = 2576.87 kJ/kg; v 2 = 0.95964 m 3 /kg, s 2 = 7.2795 kJ/kgK 
V 2 = m 2 v 2 = 0.95964 m 3 > V A1 checks OK. 

Process: jW 2 = P 2 (V 2 - Vj) = 200 (0.95964 - 0.77465 - 0.036416) = 29.715 kJ 

From the energy and entropy equations: 

1 Q 2 = m 2 u 2 -m A1 u A1 -m B1 u B1 + {W 2 

= 1 x 2576.87 - 0.5 x 735.222 - 0.5 x 2966.69 + 29.715 = 755.63 kJ 

1 S 2 gen = m 2 s 2 “ m A s Al “ m B s Bl “ lQ2 /T res 

= 1 x 7.2795 -0.5 x 2.15175 -0.5 x 8.2217-755.63/473.15 

= 0.496 kJ/K 

i P 

The possible state 2 (P,V) 
combinations are shown. State a 
is 200 kPa, v a = V A1 /m 2 = 0.036 

and thus two-phase T a = 120°C 
less than T 2 


150 C 


467 - 
200 - 
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6.180 

A closed tank, V = 10 L, containing 5 kg of water initially at 25°C, is heated to 
150°C by a heat pump that is receiving heat from the surroundings at 25°C. Assume that 
this process is reversible. Find the heat transfer to the water and the work input to the heat 
pump. 

C.V.: Water from state 1 to state 2. 

Process: constant volume (reversible isometric) 

State 1: Vl = V/m = 0.002 => = (0.002 - 0.001003 )/43.358 = 0.000023 

Uj = 104.86 + 0.000023x2304.9 = 104.93 kJ/kg 
Sj = 0.3673 + 0.000023x8.1905 = 0.36759 kJ/kg K 
Continuity eq. (same mass) and V = C fixes v 2 
2: T 2 , v 2 = vj => 

x 2 = (0.002 - 0.001090)/0. 39169 = 0.0023233 
u 2 = 631.66 + 0.0023233x1927.87 = 636.14 kJ/kg 
s 2 = 1.8417 + 0.0023233x4.9960 = 1.8533 kJ/kg K 
Energy eq. has W = 0, thus provides heat transfer as 
lQ 2 = m(u 2 - uQ = 2656 kj 

S 

Entropy equation for the total (tank plus heat pump) control volume gives 
for a reversible process: 

m(s 2 -s 1 )= Q l /T 0 => 

Q l = mT 0 (s 2 - sj) = 5 x298.15 x (1.8533 - 0.36759) = 2214.8 kJ 

and then the energy equation for the heat pump gives 

W HP = iQ 2 - Q l = 2656 - 2214.8 = 441.2 kj 


Lf Ql 

/ t \ 

1 amb 




V 
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6.181 

A resistor in a heating element is a total of 0.5 kg with specific heat of 0.8 kJ/kgK. 

It is now receiving 500 W of electric power so it heats from 20°C to 180°C. Neglect 
external heat loss and find the time the process took and the entropy generation. 

C.V. Heating element. 

Energy Eq.: m(u 2 - Uj) = ,W 2 in = W ele ctrical in At 

Entropy Eq.: m(s 2 - Sj) = 0 + jS 2 gen (no heat transfer) 


• • 

At = m(u 2 - U[) / W c ] cc ( r j ca ] in = m C (T 2 - T) ) / W e ] ec ^-j ca ] j n 

= 0.5 kg x 800 J/kg-K x (180 - 20) K / 500 (J/s) = 128 s 


T 


lS 2 gen = m (s 2 - Sj) = m C In = 0.5 kg x 0.8 kJ/kg-K 


In 


180 + 273 
( 20 + 273 ) 


= 0.174 kJ/K 
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6.182 

Two tanks contain steam, and they are both connected to a piston/cylinder as 
shown in Fig. P6.182. Initially the piston is at the bottom and the mass of the piston is 
such that a pressure of 1.4 MPa below it will be able to lift it. Steam in A is 4 kg at 7 
MPa, 700°C and B has 2 kg at 3 MPa, 350°C. The two valves are opened, and the water 
comes to a uniform state. Find the final temperature and the total entropy generation, 
assuming no heat transfer. 

Solution: 

Control mass: All water m A + m B . 

Continuity Eq.: m 2 = m A + m B = 6 kg 

Energy Eq.3.5: m 2 u 2 - m A u Al - m B u Bl = ,Q 2 - ,W 2 = - ,W 2 

Entropy Eq.6.37: m 2 s 2 - m A s Al - m B s Bl = jS 2 gen 

B.1.3: v Al = 0.06283, u Al = 3448.5, s Al = 7.3476 , V A = 0.2513 m 3 

B.1.3: v Bl = 0.09053, u Bl = 2843.7, s Bl = 6.7428, V B = 0.1811 m 3 

1400 


The only possible P, V combinations for state 2 are on the two lines. 

Assume V 2 > V A + V B => P 2 = P lift , ,W 2 = P 2 (V 2 - V A - V B ) 
Substitute into energy equation: 

m 2 h 2 = m A u Al + m B u Bl + P 2( V A + V b) 

= 4 X 3448.5 + 2 X 2843.7 + 1400 x 0.4324 = 20 086.8 kJ 
State 2: h 2 = m 2 h 2 /m 2 = 20 086.8 kJ /6 kg = 3347.8 kJ/kg, P 2 = 1400 kPa, 
v 2 = 0.2323 m 3 /kg, s 2 = 7.433 kJ/kg-K, T 2 = 441.9 °C, 

Check assumption: V 2 = m 2 v 2 = 1.394 m 3 > V A + V B OK. 

jS 2 g en = 6 x 7.433 - 4 x7.3476 - 2 x 6.7428 = 1.722 kJ/K 
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6.183 

Assume the heat source in Problem 3.217 is at 300°C in a setup similar to Fig. 
P6.182. Find the heat transfer and the entropy generation. 

C.V.: A + B + C. 

Only work in C, total mass constant. 
m 2 -m 1 = 0 => m 2 = m A1 + m B1 

u 2 - Uj = : Q 2 - ,W 2 ; 

S 2 ~ S 1 = lQ2 /T res + 1 S 2 gen 

tW 2 = 1 PdV =Piift(V 2 -V 1 ) 

1A: v = 0.6/3 = 0.2 m 3 /kg => x A1 = (0.2 - 0.00106)/0.8908 = 0.223327 

u =503.48 +xx2025.76 = 955.89 kJ/kg, s = 1.5275 +xx5.602 = 2.7786 kJ/kgK 

IB: v = 0.35202 m 3 /kg => ; u = 2638.91 kJ/kg, s = 6.9665 kJ/kgK 

m B1 =0.4/0.35202 = 1.1363 kg and m 2 = 3 + 1.1363 = 4.1363 kg 

V 2 = ^A + V b + V c = 1 m 3 + V c 
L ocate state 2: Must be on P-V lines shown 
State la: 800 kPa, P 2 

V A+ V B 

v la = = 0.24176 nvVkg 

800 kPa, v la => T = 173°C too low. 

Assume 800 kPa: 250°C => v = 0.29314 m 3 /kg > v la OK 

V 2 = m 2 v 2 = 4.1363 kg x 0.29314 m 3 /kg = 1.2125 m 3 
Final state is : 800 kPa; 250°C => u 2 = 2715.46 kJ/kg, s 2 = 7.0384 kJ/kgK 

lW 2 = Plift (V 2 - V,) = 800 kPa x (1.2125 - 1) m 3 = 170 kj 

lQ2 = m 2 u 2 ' m l u l + 1 W 2 = m 2 u 2 - m Al u Al ' m Bl u Bl + 1 W 2 
= 4.1363 x 2715.46 - 3 x 955.89 - 1.1363 x 2638.91 + 170 
= 1 1 232 - 2867.7 - 2998.6 + 170 = 5536 kj 

1 S 2 gen = S 2 “ S 1 “ lQ2 /T res = m 2 s 2 “ m Al s Al “ m Bl s Bl “ lQ2 /T res 

= 4.1363 X 7.0384 - 3 x 2.7786 - 1.1363 x 6.9665 - 5536/573.15 

= 3.202 kJ/K 
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6.184 

A cylinder fitted with a piston contains 0.5 kg of R-134a at 60°C, with a quality of 
50 percent. The R-134a now expands in an internally reversible polytropic process to 
ambient temperature, 20°C at which point the quality is 100 percent. Any heat transfer is 
with a constant-temperature source, which is at 60°C. Find the polytropic exponent n and 
show that this process satisfies the second law of thermodynamics. 

Solution: 


C.V.: R-134a, Internally Reversible, Polytropic Expansion: PV n = Const. 
Cont.Eq.: m 2 = m 1 = m ; Energy Eq.: m(u 2 -ui)= jQ 2 - jW 2 

Entropy Eq.: m(s 2 — sj) = J dQ/T + ]S 2 gen 

State 1: T] = 60°C, x x = 0.5, Table B.5.1: P : = P a = 1681.8 kPa, 


Vl = v f + x lVf2 = 0.000951 +0.5x0.010511 = 0.006207 m 3 /kg 
sj = s f + xjSfg = 1.2857 + 0.5x0.4182 = 1.4948 kJ/kg K, 
u 1 = Uf + xjUfc, = 286.19 + 0.5x121.66 = 347.1 kJ/kg 
State 2: T 2 = 20°C, x 2 = 1.0, P 2 = P g = 572.8 kPa, Table B.5.1 

v 2 = v g = 0.03606 m 3 /kg, s 2 = s g = 1.7183 kJ/kg-K 
u 2 = Ug = 389.19 kJ/kg 


Process: 


PV n = Const. => 77 “ 

p 2 


A 2 3n 
V v 17 


=> 


P 1 , v 2 

n = In it - / In — =0.6122 

p 2 V 1 


jW 2 = 1 PdV = 


p 2 V 2 - p lVl 

1 -n 



= 0.5(572.8 x 0.03606 - 1681.8 x 0.006207)/(l - 0.6122) = 13.2 kJ 
Law for C.V.: R-134a plus wall out to source: 

Qh 

lS 2 gen = m (S2 - s l) - ; Check AS net > 0 


Qh = 1Q2 = m ( u 2 - u i) + 1 W 2 = 34 - 2 kJ 

1 S 2 gen = 0.5(1.7183 - 1.4948) - 34.2/333.15 = 0.0092 kJ/K, 

]S 2 gen > 0 Process Satisfies 2 nt * Law 
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6.185 

A device brings 2 kg of ammonia from 150 kPa, -20°C to 400 kPa, 80°C in a 
polytropic process. Find the polytropic exponent, n, the work and the heat transfer. Find 

the total entropy generated assuming a source at 100°C. 

Solution: 

C.V. Ammonia of constant mass m 2 = m i = m out to source. 

Energy Eq.3.5: m(u 2 - u : ) = jQ 2 - jW 2 

Entropy Eq.6.37: m(s 2 - = j dQ/T + 2 S 2 gen = iQ/T + : S 2 gen 

Process: P^ 11 = P 2 v 2 n Eq. (8.27) 

State 1: Table B.2.2 

Vl = 0.79774 m 3 /kg, sj = 5.7465 kJ/kg K, u : = 1303.3 kJ/kg 
State 2: Table B.2.2 

v 2 = 0.4216 m 3 /kg, s 2 = 5.9907 kJ/kg K, u 2 = 1468.0 kJ/kg 

In (P 2 /P]) = In (v7v 2 ) n = n x In (vi/v 2 ) 

400 0.79774 

In ( ^ ) = n x In ( q 42 I 6 ) = 0.98083 = n x 0.63773 


=> n = 1.538 

The work term is integration of PdV as done in text leading to Eq.6.29 

l w 2 = 7— ^( P 2 v 2-Pivi) 


= _ ^ 53g x ( 400 x 0.4216 - 150 x 0.79774) = -182.08 kj 

Notice we did not use Pv = RT as we used the ammonia tables. 


!Q 2 = m(u 2 - uj) + jW 2 = 2 (1468 - 1303.3) - 182.08 = 147.3 kj 
From Eq.6.37 

l s 2 gen = m ( s 2 - Si) - 1 Q 2 /T = 2 (5.9907 - 5.7465 ) - 777^7 



Notice: 

n= 1.54, k= 1.3 
n > k 
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6.186 

A rigid tank with 0.5 kg ammonia at 1600 kPa, 160°C is cooled in a reversible 

process by giving heat to a reversible heat engine that has its cold side at ambient 20°C, 

shown in Fig. P6.186. The ammonia eventually reaches 20°C and the process stops. Find 
the heat transfer from the ammonia to the heat engine and the work output of the heat 
engine. 



C.V. Ammonia 

Energy Eq.3.5: m(u 2 - u 2 ) = : Q 2 - ,W 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = I dQ/T (T not constant) 

Process: v = constant => 1 W 2 = 0 

State 1: (T, P) Table B.2.2: Uj = 1596.1 kJ/kg, Vj = 0.12662 m 3 /kg, 

sj =5.7485 kJ/kgK 
State 2: T 2 and v 2 = vj Table B. 2. las v 2 < v g 

=^> 2-phase, P 2 = P sat = 857.5 kPa 
x 2 = (v 2 - v f )/v fg = (0.12662 - 0.001638)/0. 14758 = 0.846876 
u 2 = u f + x 2 u fg = 272.89 + 0.846876 x 1059.3 = 1 170 kJ/kg 
s 2 = Sf + x 2 s fg = 1.0408 + 0.846876 x 4.0452 = 4.4666 kJ/kgK 
From the energy equation 

Qh = - 1 Q 2 = _m ( u 2 - ui) = -0.5(1 170 - 1596.1) = 213.05 kj 


Take now CV total ammonia plus heat engine out to ambient 

Ql 

Entropy Eq.6.3: m(s 2 - sj) = - ^ => 

^amb 

Q l = -mT amb (s 2 - Si) = - 0.5 X 293.15 (4.4666 - 5.7485) 
= 187.89 kJ 
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Now the CV heat engine can give the engine work from the energy equation 
Energy H.E.: W HE = Q H - Q L = 213.05 - 187.89 = 25.2 kj 




Notice to get jq 2 = J T ds we must know the function T(s) which we do 
not readily have for this process. 
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6.187 

A piston/cylinder with constant loading of piston contains 1 L water at 400 kPa, 
quality 15%. It has some stops mounted so the maximum possible volume is 11 L. A 
reversible heat pump extracting heat from the ambient at 300 K, 100 kPa heats the water 
to 300°C. Find the total work and heat transfer for the water and the work input to the 
heat pump. 

Solution: Take CV around the water and check possible P-V combinations. 

State 1: vj = 0.001084 + 0.15x0.46138 = 0.07029 m 3 /kg 

u 2 = 604.29 + 0.15 x 1949.26 = 896.68 kJ/kg 
S! = 1.7766 + 0.15 x 5.1193 = 2.5445 kJ/kg K 
mi = Vj/vj = 0.001/0.07029 = 0.0142 kg 



/ 7 \ 

1 amb 

State a: v = 11 = 0.77319 m 3 /kg, 

400 kPa 

=> Sup. vapor T a = 400°C > T 2 

State 2: Since T 2 < T a then piston is not at stops but floating so P 2 = 400 kPa. 
(T, P) => v 2 = 0.65484 m 3 /kg => V 2 = (v^Vj) x \ l = 9.316 L 
jW 2 = | P dV = P(V 2 - V : ) = 400 kPa (9.316 - 1) x 0.001 m 3 = 3.33 kj 



jQ 2 = m(u 2 - uj) + jW 2 = 0.0142 (2804.8 - 896.68) + 3.33 = 30.43 kj 

Take CV as water plus the heat pump out to the ambient. 
m(s 2 -S!) = Q L /T 0 => 

Q l = mT 0 (s 2 - Sj) = 0.0142 kg x 300 Kx (7.5661 - 2.5445) kJ/kg-K 
= 21.39 kJ 

W H p = iQ 2 - Ql = 30-43 - 21.39 = 9.04 kj 
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6.188 

An un-insulated cylinder fitted with a piston contains air at 500 kPa, 200°C, at 
which point the volume is 10 L. The external force on the piston is now varied in such a 
manner that the air expands to 150 kPa, 25 L volume. It is claimed that in this process 
the air produces 70% of the work that would have resulted from a reversible, adiabatic 
expansion from the same initial pressure and temperature to the same final pressure. 
Room temperature is 20°C. 

a) What is the amount of work claimed? 

b) Is this claim possible? 

Solution: 

C.V.: Air; R = 0.287 kJ/kg-K, C p = 1.004 kJ/kg K, C v = 0.717 kJ/kg K 

State l:Ti = 200°C, Pj = 500 kPa, W l = 10 L = 0.01 m 3 ; 
mi = Vj/vj = PjVj/RTj = 0.0368 kg 

State 2: P 2 = 150 kPa, V 2 = 25 L = 0.025 m 3 


Os 

a) 


= 70%; Actual Work is 70% of Isentropic Work 
Assume Reversible and Adiabatic Process; sj = S 2 s 


fPo3 


k-l 


t 2s = t 


vPu 


= 473.15 (150/500) = 335.4 K 


Energy Eq.: lQ2s = m ( u 2s " u l) + l w 2s’ lQ2s = ° 

Assume constant specific heat 

1 W 2s = mC v (T 1 -T 2s ) = 3.63kJ 

lW 2ac = 0.7x 1 W 2s = 2.54kJ 


b) Use Ideal Gas Law; T 2 ac = V 2 / P^i = 354.9 K 
Energy Eq.: ,Q 2 ac = mC v (T 2 ac - T,) + ,W 2 ac = -0.58 kJ 


2 nd Law: jS 2 gen = m(s 2 - s^ - ; Q cv = jQ 2 ac , T 0 = 20°C 

T 2 P 2 

s 2 - Sj = Cp In - R In = 0.0569 kJ/kg-K 
iS 2 gen = 0.00406 kJ/K > 0 ; Process is Possible 
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6.189 

A small halogen light bulb receives an electrical power of 50 W. The small 
filament is at 1000 K and gives out 20% of the power as light and the rest as heat transfer 
to the gas, which is at 500 K; the glass is at 400 K. All the power is absorbed by the room 

walls at 25°C. Find the rate of generation of entropy in the filament, in the total bulb 
including glass and the total room including bulb. 


Solution: 

W el = 50 W 

Qrad = 10 w 


Qcond - 40 w 




Radiation 

Conduction 


We will assume steady state and no storage in the bulb, air or room walls. 
C.V. Filament steady-state 


Energy Eq.3.3 1 : dE CA ,/dt = 0 = W el - Qrad - Qcond 


Entropy Eq.6.42: dS c v /dt = 0 = - j 


Qrad Qcond • 
— + S 


FI LA T FILA 

50 


gen 


Sgen - (Qrad + QcONd) /T FILA - W el /T FILA - ] qqq “ °- 05 W/K 


C.V. Bulb including glass 

Qrad leaves at 1000 K Qcond leaves at 400 K 


Sgen = 1 dQ/T = -(-10/1000) - (-40/400) = 0.11 W/K 


C.V. Total room. All energy leaves at 25°C 

Eq.5.31: dE c v /dt = 0 = W el - Qrad - Qcond 

Qtot 

Eq.6.42: dS cv /dt = 0= - ^ + S„ en 

I wall g 

S„en = t Q | 0T = 50/(25+273) = 0.168 W/K 
g t wall 
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Solutions using the Pr and vr functions in Table A.7.2 

If you would like to see more of these please let me know (claus@umich.edu) and I can 
prepare more of the problem solutions using these functions. 
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6.92 uses P r function 

A piston/cylinder, shown in Fig. P6.92, contains air at 1380 K, 15 MPa, with = 

10 cm 3 , A cyl = 5 cm 2 . The piston is released, and just before the piston exits the end of 

the cylinder the pressure inside is 200 kPa. If the cylinder is insulated, what is its length? 
How much work is done by the air inside? 

Solution: 

C.V. Air, Cylinder is insulated so adiabatic, Q = 0. 

Continuity Eq.: m 2 = irq = m. 

Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - iW 2 = - : W 2 

Entropy Eq.6.37: m(s 2 - s^ = J dQ/T + jS 2 gen = 0 + : S 2 gen 

State 1: (T h P l ) State 2: (P 2 , ?) 

So one piece of information is needed for the ?, assume reversible process. 

l S 2gen = ° => s 2- s l=° 

State 1: Table A.7.1: Uj = 1095.2 kJ/kg, 

Table A.7.2: P rl = 340.53 , v rl = 2.7024 

15000 x 10x1 0‘ 6 

m = P : V : /RT i = o 287 x 1380 = °- 000379 k § 

State 2: P 2 and from Entropy eq.: s 2 = Sj 

=> p r2 = P r| P 2 /P, = 340.53x200/15000 = 4.5404 
Interpolate in A.7.2 to match the P r2 value 
T 2 = 447 K, u 2 = 320.85 kJ/kg, v r2 = 65.67 

=> V 2 = V!V r2 /v rl = 10 X 65.67 / 2.7024 = 243 cm 3 

=> L 2 = V 2 /A cyl = 243/5 = 48.6 cm 

=> jw 2 = Uj - u 2 = 774.4 kJ/kg, \ W 2 = m | w 2 = 0.2935 k J 

We could also have done V 2 = V 1 (ToP^T jP 2 ) from ideal gas law and thus 
did not need the vr function for this problem 
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6.105 uses v r function 

A piston/cylinder contains air at 300 K, 100 kPa. It is now compressed in a 
reversible adiabatic process to a volume 7 times as small. Use constant heat capacity and 
find the final pressure and temperature, the specific work and specific heat transfer for 
the process. 

Solution: Here we use the v r function from Table A. 7. 2 

Expansion ratio: v 2 / v^ = 1/7 

Process eq.: Rev. adiabatic and ideal gas gives Pv 11 = C, with n = k 

Since we know the v ratio and s is constant we use the v r function 

v rl = 179.49 => v r2 = v rl v 2 / V] = 179.49/7 = 25.641 

Table A.7.2: Interpolate T 2 = 640.7 K 

P 2 = p lX (T 2 / Ti) x ( Vl /v 2 ) = 100 x (640.7/300) x 7 = 1495 kPa 

Adiabatic: jq 2 = 0 kj/kg 

Polytropic process work term from the energy equation 

jw 2 = -(u 2 - u : ) = -(466.37 - 214.36) = -252.0 kj/kg 
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6. additional problem uses P r function 

A mass of 1 kg of air contained in a cylinder at 1.5 MPa, 1000 K, expands in a 
reversible adiabatic process to 100 kPa. Calculate the final temperature and the work 
done during the process, using 

a. Constant specific heat, value from Table A. 5 

b. The ideal gas tables, Table A.7 

Solution: 

C.V. Air. 

Continuity Eq.: m 2 = irq = m ; 


Energy Eq.3.5: m(u 2 -u,)= ,Q 2 - iW 2 

Entropy Eq.6.37: m(s 2 - sp = I dQ/T + ]S 2 gen 

Process: iQ 2 = 0, iS 2gen = 0 => s 2 = S! 

a) Using constant Cp from Table A. 5 gives the power relation Eq.6.23. 


k-1 

T 2 = T 1 (P 2 /P 1 )k 


TIE 

1.5 ) 


= 1000 


0.286 


= 460.9 K 


tW 2 = -(U 2 - Ui) = mCv^Tj - T 2 ) 


= 1 kg x 0.717 kj/kg-K (1000 - 460.9) K = 386.5 kj 


b) Use the tabulated reduced pressure function that 

includes variable heat capacity from A.7. 2 so since s 2 = Sj we have 

0.1 

p r2 = p r i xp 2 / p i = 91.65 = 6.11 

Interpolation gives T 2 = 486 K and u 2 = 349.4 kJ/kg 
1 W 2 = m(ui - u 2 ) = 1 kg (759.2 - 349.4) kJ/kg = 409.8 kj 
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Concept Problems 
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6.190 

Water at 20 psia, 240 F receives 40 Btu/lbm in a reversible process by heat 
transfer. Which process changes s the most: constant T, constant v or constant P? 


Look at the constant property lines in aT-s diagram, Fig. 6.5. The constant v line 
has a hi gher si ope than the constant P I i ne a) so at posi ti ve si ope. Thus both the 
constant P and v processes have an i ncrease i n T. As T goes up the change i n s i s 
sm^ I er for the same area (heat transfer) under the process curve in the T-s 
diagram as compared with the constant T process. 


The constant T (isothermal) process therefore changes s the most. 


In a reversible process the area below the 
process curve in the T-s diagram is the heat 
transfer. 
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6.191 

Saturated water vapor at 20 psia is compressed to 60 psia in a reversible adiabatic 
process. Find the change in v and T. 


Process adiabatic: dq = 0 

Process reversible: ds gen = 0 

Change in s: ds = dq/T + ds gen = 0 + 0 = 0 thus s is constant 


Table F.7.2: Tj = 227.96 F, v 2 = 20.091 ft 3 /lbm, S! = 1.732 Btu/lbm R 
Table F.7.2 at 60 psia and s = Sj = 1.732 Btu/lbm R 

1 732 - 1 7134 

T = 400 + 40 1 ‘ ‘ = 400 + 40 x 0.823 = 432.9 F 

v = 8.353 + (8.775 - 8.353) x 0.823 = 8.700 ft 3 /lbm 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


Entropy, Clausius 
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6.192 

Consider the steam power plant in Problem 5.133E and show that this cycle 
satisfies the inequality of Clausius. 

Solution: 


Show Clausius: 



< 0 


For this problem we have two heat transfer terms: 

Boiler: 1000 Btu/s at 1200 F = 1660 R 

Condenser: 580 Btu/s at 100 F = 560 R 

fdQ_ Qh Ql_ 1000 580 

J T ~ T h ' T l “ 1660 " 560 

= 0.6024 - 1.0357 = -0.433 Btu/s R < 0 


OK 
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6.193 

Find the missing properties of P, v, s and x for ammonia, NFI 3 . 

a. T = 190 F, P = 100 psia 

b. T = 80 F, h = 650 Btu/lbm 

c. T= 120 F,v = 1.6117 ft 3 /lbm 

a) Table F.8.1, P < P„ = 708 psia, superheated vapor so x = undefined, 

v = (3.8804 + 4.01 88)/2 = 3.9496 ft 3 /lbm 
s = (1.3658 + 1 .3834)72 = 1.3746 Btu/lbm R 

b) Table F.8.2 h > h„ = 629.62 Btu/lbm so superheated vapor 

x = undefined, found between 50 and 60 psia 
P = 50 + 10 (650 - 651.49)/(649.57 - 651.49) = 57.76 psia 

v = 6.5573 + 0.77604 (5.4217 - 6.5573) = 5.676 ft 3 /lbm 
s = 1.3588 + 0.77604 (1.3348 - 1.3588) = 1.3402 Btu/lbm R 

c) Table F.8.1: v > v g = 1.0456 ft /lbm so superheated vapor 

Table F.8.2: x = undefined, P = 200 psia, s = 1.2052 Btu/lbm R 
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6.194 

Find the missing properties and give the phase of the substance 

a. H 2 0 s = 1.75 Btu/lbm R, T = 150 F h=lP=lx=l 

b. H 2 0 u = 1350 Btu/lbm, P = 1500 lbf/in. 2 T=lx=l s = ? 


a) Table F.7.1: s < s g = 1.8683 Btu/lbm-R, so 2 phase 

P = P sat( T ) = 3.722 lbf/in. 2 
x = (s - s f )/s fg = (1.75 - 0.215)/1.6533 = 0.92845 

h = 117.95 + 0.92845 x 1008.1 = 1053.9 Btu/lbm 

b) Table F.7.2, found between 1000 F and 1 100 F, x = undefined, 

T = 1000 + 100 (1350- 1340.43)/(1387. 16 - 1340.43) =1020.5 F, 
s = 1.6001 + 0.2048 (1.6398 - 1.6001) =1.6083 Btu/lbm R 
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6.195 

Determine the missing property among P, T, s, and x for R-410A at: 

a. T = -20 F,v = 3.1214 ft 3 /lbm 

b. T = 60 F,v = 0.3121 ft 3 /lbm 

c. P = 30 psia, s = 0.3425 Btu/lbm-R 

a) F.9.1: v > v g = 1.4522 ft 3 /lbm => 

F.9.2 superheated vapor so x is undefined 
very close to 20 psia, s = 0.2862 Btu/lbm-R 

b) F.9.1: 0.01451 = v f < v < Vg = 0.3221 ft 3 /lbm => Two-phase 
P = P sat = 184.98 psia 

0.3121-0.01451 

x = (v - v f )/v fg = 03076 = °- 96746 

s = Sf + X Sfg = 0.0744 + 0.96746 x 0. 1662 = 0.2352 Btu/lbm-R 

c) Table F.9.2 at 30 psia, s > s g so superheated vapor, 
x is undefined, and we find the state at T = 160 F. 
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Reversible Processes 
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6.196 

In a Carnot engine with water as the working fluid, the high temperature is 500 F 
and as Q L is received, the water changes from saturated liquid to saturated vapor. 

The water pressure at the low temperature is 14.7 lbf/in. 2 . Find T L , cycle thermal 

efficiency, heat added per pound-mass, and entropy, 5, at the beginning of the heat 
rejection process. 



Constant T => constant P from 1 to 2 Table F.7.1 
q H = | Tds = T (s 2 - sj) = T s fg 

= h 2 - Iq = h fg = 714.76 Btu/lbm 

States 3 & 4 are two-phase Table F.7.1 
=> T l = T 3 = T 4 = 212 F 


Table F.8.1: 


h cycle - 1 ' Ti/Th 
s 3 = s 2 “ s g(Tn) 


212 + 459.67 _ 
1 " 500 + 459.67 “ 

1.4335 Btu/lbm R 


0.300 
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6.197 

Consider a Camot-cycle heat pump with R-410A as the working fluid. Heat is 
rejected from the R-410A at 1 10 F, during which process the R-410A changes 
from saturated vapor to saturated liquid. The heat is transferred to the R-410A at 
30 F. 

a. Show the cycle on a T-s diagram. 

b. Find the quality of the R-410A at the beginning and end of the isothermal heat 

addition process at 30 F. 

c. Determine the coefficient of performance for the cycle. 



Table F.9.1 

b) State 3 is saturated liquid 
S 4 = S 3 = 0.1115 Btu/lbm R 

= 0.0526 + x 4 (0. 1955) 
x 4 = 0.30128 
State 2 is saturated vapor 
S 1 = s 2 = 0.2261 Btu/lbm R 
= 0.0526 + x 1 (0.1955) 

Xj = 0.8875 


c) 



9 h _ T h _ 569,67 

win Tr — Tl 110-30 


= 7.121 (depends only on the temperatures) 
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6.198 

Do Problem 6.197E using refrigerant R-134a instead of R-410A. 



b) Table F.10.1 

State 3 is saturated liquid 
S 4 = S 3 = 0.2882 Btu/lbm R 

= 0.2375 +x 4 (0. 1749) 

x 4 = 0.2899 

State 2 is saturated vapor 
S 1 = s 2 = 0.4087 Btu/lbm R 
= 0.2375 + x 1 (0.1749) 

x x = 0.9788 


e) [V= — = T T " t = 1 5 1 fl 9 '?n = 7121 
7 K w IN T h -T l 110-30 
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6.199 

R-410A at 150 psia and 140 F is expanded in a piston cylinder to 75 psia, 80 F in 
a reversible process. Find the sign for both the work and the heat transfer for this 
process. 

Solution: 

] w 2 = J P dv so sign dv 

l02 = J" T ds so sign ds 


F.9.2 Vl = 0.5356 ft 3 /lbm 
F.9.2 v 2 = 0.991 1 ft 3 /lbm 


Sj = 0.2859 Btu/lbm-R 
s 2 = 0.2857 Btu/lbm-R 


dv > 0 => w is positive 

ds < 0 (=0) => q is negative (nearly zero) 
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6.200 

A piston/cylinder receives R-410A at 75 psia and compresses it in a reversible 
adiabatic process to 300 psia, 160 F. Find the initial temperature. 


CV R-410A, this is a control mass 
Energy Eq.3.5: u 2 - u : = : q 2 - iw 2 

Entropy Eq.6.3: s 2 - S] = I dq/T = iq 2 /T 

Process: Adiabatic and reversible => iq 2 = 0 so then s 2 = s ] 
State 1: P 1; Sj = s 2 = 0.2673 Btu/lbm-R => 

0.2673 - 0.2595 

Tj -20 + (40 - 20) x q _ 2688 . 0.2595 “ 36,77 F 
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6.201 

A piston/cylinder contains 1 lbm of water at 40 psia, 600 F and it now cools to 
280 F in an isobaric process. The heat goes into a heat engine which rejects heat to 
the ambient at 77 F shown in Fig. P6.46 and the whole process is assumed 
reversible. Find the heat transfer out of the water and the work given out by the 
heat engine. 

c.v. h 2 o 

Energy Eq.3.5: m(u 2 - u : ) = jQ 2 - ,W 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = I dQ/T +0 

Process: P = C => W = J P dV = P(V 2 -Vj) = mP (v 2 - Vj) 

State 1: F.7.2 Sj = 1.8621 Btu/lbm-R, hj = 1333.43 Btu/lbm 

State 2: F.7.3 s 2 = 1.6857 Btu/lbm-R, h 2 = 1176.59 Btu/lbm 

From the process equation and the energy equation 

lQ 2 = m(u 2 — Uj) + }W 2 = m(h 2 -hj) = 1 lbm (1176.59 - 1333.43) Btu/lbm 
= -156.84 Btu 


CV Total 

Energy Eq.3.5: m(u 2 - Uj) = - Q L - { W 2 - W HE 

Entropy Eq. 6. 3: m ( s 2 ~ s l) = _ Ql/Tamb + 0 

Ql = mT .| m h (S| - s 2 ) = 1 lbm x 536.7 R x (1.8621 - 1.6857) Btu/lbmR 
= 94.67 Btu 

Now the energy equation for the heat engine gives 

W HE = - 1 Q 2 - Ql = 156.84 - 94.67 = 62.17 Btu 
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6.202 

A cylinder fitted with a piston contains ammonia at 120 F, 20% quality with a 

volume of 60 in. . The ammonia expands slowly, and during this process heat is 
transferred to maintain a constant temperature. The process continues until all the 
liquid is gone. Determine the work and heat transfer for this process. 

C.V. Ammonia in the cylinder. 

Energy Eq.3.5:m(u 2 - Uj) = jQ 2 - {W 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = I dQ/T +0 

Process: T = constant to x 2 = 1.0, Table F.8.1: P = 286.5 lbf/in 2 

=> W = | P dV = P(V 2 -Vj) = mP (v 2 - vj) 

=> IdQ/T = !Q 2 /T 




Ti = 120 F, Xj = 0.20, Vi = 60 in 3 
v j = 0.02836 + 0.2 x 1.0171 = 0.2318 ft 3 /lbm 
S! = 0.3571 + 0.2 x 0.7829 = 0.5137 Btu/lbm R, 


m = V/v = 


60 

1728x0.2318 


= 0.15 lbm 


State 2: Saturated vapor, 

v 2 = 1.045 ft 3 /lbm, s 2 = 1.140 Btu/lbm R 


286.5x144 
1 W 2 “ 778 


x 0.15 x (1.045 - 0.2318) = 6.47 Btu 


From the entropy equation 

1 Q 2 = Tm(s 2 -s 1 ) 

= 579.7 R x 0.15 lbm x (1.1400 - 0.5137) Btu/lbm-R 

= 54.46 Btu 


-or - hj = 178.79 + 0.2 x 453.84 = 269.56 Btu/lbm; h 2 = 632.63 Btu/lbm 
: Q 2 = m(h 2 - h : ) = 0.15(632.63 - 269.56) = 54.46 Btu 
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6.203 

One pound-mass of water at 600 F expands against a piston in a cylinder until it 
reaches ambient pressure, 14.7 lbf/in. 2 , at which point the water has a quality of 
90%. It may be assumed that the expansion is reversible and adiabatic. 

a. What was the initial pressure in the cylinder? 

b. How much work is done by the water? 

Solution: 

C.V. Water. Process: Rev., Q = 0 

Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - iW 2 = - ]W 2 

Entropy Eq. 6. 3: m(s 2 - Sj) = J dQ/T 

Process: Adiabatic Q = 0 and reversible => s 2 = Sj 

State 2: P 2 = 14.7 lbf/in 2 , x 2 = 0.90 from Table F.7.1 

s 2 = 0.3121 + 0.9 x 1.4446 = 1.6123 Btu/lbm R 

u 2 = 180.1 + 0.9 x 897.5 = 987.9 Btu/lbm 
State 1 TableF.7.2: atT^OOOF, Sj = s 2 

=> P : = 335 lbf/in 2 u : = 1201.2 Btu/lbm 
From the energy equation 

] W 2 = m(ui - u 2 ) = 1 lbm(1201.2 - 987.9) Btu/lbm = 213.3 Btu 
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A closed tank, V = 0.35 ft 3 , containing 10 lbm of water initially at 77 F is heated 
to 350 F by a heat pump that is receiving heat from the surroundings at 77 F. 
Assume that this process is reversible. Find the heat transfer to the water and the 
work input to the heat pump. 

C.V.: Water from state 1 to state 2. 

Process: constant volume (reversible isometric) 

1: v 1 = V/m = 0.35/10 = 0.035 ft 3 /lbm => Xj = 2.692xl0' 5 
Uj =45.11 Btu/lbm, Sj = 0.08779 Btu/lbm R 
Continuity eq. (same mass) and constant volume fixes v 2 
State 2: T 2 , v 2 = Vj => x 2 = (0.035 - 0.01799) / 3.3279 = 0.0051 1 
u 2 = 321.35 + 0.00511x788.45 = 325.38 Btu/lbm 
s 2 = 0.5033 + 0.00511x1.076 = 0.5088 Btu/lbm R 

Energy eq. has zero work, thus provides heat transfer as 

: Q 2 = m(u 2 - uQ = 10(325.38 - 45.11) = 2802.7 Btu 


Entropy equation for the total control volume gives 
for a reversible process: 

m(s 2 - sQ = Q l /T 0 

=^> 


Ql = mT 0 (s 2 - Si) 



= 10 lbm (77 + 459.67)R (0.5088 - 0.08779) Btu/lbm-R 


= 2259.4 Btu 

and the energy equation for the heat pump gives 

W HP = : Q 2 - Q l = 2802.7 - 2259.4 = 543.3 Btu 
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A cylinder containing R-134a at 60 F, 30 lbf/in. 2 , has an initial volume of 1 ft 3 . A 
piston compresses the R-134a in a reversible, isothermal process until it reaches 
the saturated vapor state. Calculate the required work and heat transfer to 
accomplish this process. 

Solution: 

C.V. R-134a. 

Continuity Eq.: m 2 = mj = m ; 

Energy Eq.:3.5 m(u 2 - Uj) = ^ 2 - ( W 2 
Entropy Eq.6.3: m(s 2 - Sj) = J dQ/T + jS 2 gen 

Process: T = constant, reversible so jS 2 gen = 0 

State 1: (T, P) Table F.10.2 Uj = 168.41 Btu/lbm, Sj = 0.4321 Btu/lbm R 
m = V/v, = 1/1.7367 = 0.5758 lbm 


State 2: (60 F sat. vapor) 
Table F.10.1 
u 2 = 166.28 Btu/lbm, 

s 2 = 0.4108 Btu/lbm R 



As T is constant we can find Q by integration as 

jQ 2 = /Tds = mT(s 2 - Sj) = 0.5758 lbm x 519.7 R x(0.4108 - 0.4321) Btu/lbm-R 

= -6.374 Btu 

The work is then from the energy equation 

,W 2 = m(u! - u 2 ) + jQ 2 = 0.5758 lbm x (168.41 - 166.28) Btu/lbm - 6.374 Btu 

= -5.15 Btu 
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A rigid, insulated vessel contains superheated vapor steam at 400 lbf/in. 2 , 700 F. 
A valve on the vessel is opened, allowing steam to escape. It may be assumed that 
the steam remaining inside the vessel goes through a reversible adiabatic 
expansion. Determine the fraction of steam that has escaped, when the final state 
inside is saturated vapor. 

C.V.: steam remaining inside tank. Rev. & Adiabatic (inside only) 

Cont.Eq.: m 2 = m 1 = m ; Energy Eq.: m(u 2 - Uj) = jQ 2 - iW 2 

Entropy Eq.: m(s 2 - Sj) = J dQ/T + ]S 2 g en = 0 + 0 



State 1: Table F.7.2 vj = 1.6503 ft 3 /lbm, sj = 1.6396 Btu/lbm R 

State 2: Table F. 7.1 s 2 = Sj = 1.6396 Btu/lbm R = s g at P 2 


=> Interpolate in F.7. 1 P 2 = 63.861 lbf/in 2 , 
m e _ m t - m 2 m? Vi 1,6503 

m2 _ mj “ " m i _ " v 2 _ " 6.800 


v 2 = v g = 6.800 ft 3 /lbm 

= 0.757 
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Two 5 lbm blocks of steel, one at 500 F the other at 80 F, come in thermal 
contact. Find the final temperature and the change in the entropy of the steel. 

C.V. Both blocks, no external heat transfer, C = 0. 1 1 Btu/lbm-R from Table F.2. 

Energy Eq.: U 2 -U, = m A (u 2 - Uj) A + m B (u 2 - Uj) B = 0-0 

= m A C(T 2 -T A1 ) +m B C(T 2 -T B1 ) 


m A T A1 + m B T B1 , 1 

z m A + m B 2 A1 2 m 


Entropy Eq.6.37: S 2 - Sj = m A (s 2 - Si) A + m B (s 2 - Sj) B = jS 2 gen 

Entropy changes from Eq.6.1 1 


S 2 - S i = m A C In 


J2_ 

Tai 


+ m B C In 


J2_ 

Tfil 


290 + 459.67 

- 5 x 0.1 1 In 5Q0 + 459 _ 67 + 5 x 0.1 1 In 


290 + 459.67 
80 + 459.67 


= -0.13583 + 0.18077 = 0.0449 Btu/R 



Heat transfer over a finite 
temperature difference is an 
irreversible process 
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A foundry form box with 50 lbm of 400 F hot sand is dumped into a bucket with 2 
ft 3 water at 60 F. Assuming no heat transfer with the surroundings and no boiling 
away of liquid water, calculate the net entropy change for the masses. 

C.V. Sand and water, P = const. 

Energy Eq.: m sand (u 2 - Ul ) sand + m H2 o(u 2 - u^q = -P(V 2 - V,) 

2 

=> m sand Ah sand + m H 2 0 Ah H 2 0 = m H 2 Q = 0B16035 = ' 24 ' 73 lbm 


50 lbm x 0.19 Btu/lbm-R x (T 2 - 400 F) 

+ 124.73 lbm x 1.0 Btu/lbm-R x (T 2 - 60 F) = 0, 
T 2 = 84 F 

S2 - Si = m sand ( s 2 - sj) + m H20 ( s 2 - Sj) 


- m sand Csand ln(T 2 /Ti) + m H20 C H2Q ln(T 2 /T]) 


= 50 x 0.19 x In 

= 1.293 Btu/R 


'5443 

V 860y 


+ 124.73 X 1.0 X In 


'5443 

v520y 


Box holds the sand for 
form of the cast part 
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Heat transfer to a block of 3 lbm ice at 15 F melts it to liquid at 50 F in a kitchen. 
Find the entropy change of the water. 

Water changes state from nearly saturated solid to nearly saturated liquid. The 
pressure is 1 atm, but we approximate the state properties with saturated state at 
the same temperature. 


State 1: Compressed (saturated) solid, F.7.4, Sj = -0.3093 Btu/lbm-R 
State 2: Compressed (saturated) liquid F.7.1 S 2 = 0.0361 Btu/lbm-R 

The entropy change is 

AS = m(s 2 - Sj) = 3 lbm [0.0361 - (-0.3093)] Btu/lbm-R 
= 1.0362 Btu/R 
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A rigid tank of 1.2 lbm steel contains 1.5 lbm of R-134a at 100 F, 80 psia. The 
tank is placed in a refrigerator that brings it to 0 F. Find the process heat transfer 
and the combined steel and R-134a change in entropy. 


C.V. The steel tank and the R-1 34a 

The energy equation, Eq. 3.5 now becomes (summi ng over the mass) 

m st ( u 2 — u l)st + m R134a( u 2 _u l)R134a = 1 Q 2"° 

Process: No change i n vol ume so no work as used above. 

Use specific heat from Table F.2 for steel and Table F.10 for R-134a 

R-1 34a: v-| = 0.661 7 ft 3 /l bm, u-| = 174.06 Btu/lbm, ^ = 0.4252 Btu/lbmR 

0.6617-0.01187 

State 2: v 2 = v-|<Vg => x 2 = (v 2 - v f )/v fg = 2^340 = 0.304513 

u 2 = Uf + x 2 Ufg = 75.88 + x 2 x 82.24 = 100.923 Btu/lbm 
s 2 = Sf + x 2 Sfg = 0.2178 + x 2 x 0.1972 = 0.27785 Btu/lbmR 
Now the heat transfer from the energy equation 

-|Q 2 = m R13 4 a (u 2 -U-|) R i34 a + ITIgt Cgt (T 2 -T-|) 


= 1.5x (100.923 -174.06) + 1.2x0.11 (0- 100) =-122.91 Btu 

459.7 

Steel: m st (s 2 -s-|) st = m^C^ I n(T 2 /Ti) = 1.2x0.11 In^gy = -0.02598 Btu/lbmR 


Entropy change for the total control volume steel and R-134a 
S2 - S-| = m st {Sp — S i)st + m R 134a( s 2 -S 1 ) R1 34a 

= -0.02598 + 1 .5(0.27785 - 0.4252) = - 0.247 Btu/R 
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A 5-lbm aluminum radiator holds 2 lbm of liquid R-134a at 10 F. The setup is 
brought indoors and heated with 220 Btu. Find the final temperature and the 
change in entropy of all the mass. 

Solution: 

C.V. The aluminum radiator and the R-134a. 

Energy Eq. 3. 5: m 2 u 2 - nqu^ =iQ 2 -0 

Process: No change in volume so no work as used above. 

The energy equation now becomes (summing over the mass) 

m al ( u 2 - u 1 )al + m R134a ( u 2 ' u l)R134a = 1 Q 2 
Use specific heat from Table F.2 and F.3 

m al C al ( T 2 - T l) + m R134a C R134a l n ( T 2 ' Tj) = ^ 2 

T 2 - T 1 = lQ2 / [ m al C al + m R134a C R134a ] 

= 220 / [5 X 0.215 + 2 X 0.34] = 125 F 
T 2 = 10 + 125 = 135 F 

Entropy change for solid (F.2) and liquid (F.3) from Eq.6.11 

S 2 - S 1 = m al ( s 2 _ s l)al + m R134a ( s 2 “ s l)R134a 

= m al C al ln ( T 2 /T l) + m R134a C R134a ln ( T 2 /T l) 

(135 +459.67) 

= (5 x 0. 215 + 2 x 0.34) ln 1Q + 459 67 

= 0.414 Btu/R 
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Four pounds of liquid lead at 750 F are poured into a form. It then cools at 
constant pressure down to room temperature at 68 F as heat is transferred to the 
room. The melting point of lead is 620 F and the enthalpy change between the 
phases hjf is 10.6 Btu/lbm. The specific heats are in Table F.2 and F.3. Calculate 

the net entropy change for the lead. 

Solution: 

C.V. Lead, constant pressure process 
m Pb( u 2 ' u l)pb = 1Q2 " P(^2 ‘ Vi) 

We need to find changes in enthalpy (u + Pv) for each phase separately and 
then add the enthalpy change for the phase change. 

Cjiq = 0.038 Btu/lbm R, C so j = 0.031 Btu/lbm R 

Consider the process in several steps: 

Cooling liquid to the melting temperature 
Solidification of the liquid to solid 
Cooling of the solid to the final temperature 

tQ 2 = m Pb( h 2 - h l) = m Pb( h 2 - h 620,sol " h i f + h 620,f " h 75()) 

= 4 x [0.031 x (68 - 620) - 10.6 + 0.038 x (620 - 750)] 

= -68.45 - 42.4 - 19.76 = -130.61 Btu 

S 2 - Sj = m Pb [C p sol ln(T 2 /1079.7) - (h if /1079.7) + C P liq ln(1079.7/T 1 )] 

r 527.7 10.6 1079.6 n 

= 4 x [0.031 In ^ + 0.038 In ^gg 7 ] = -0.145 Btu/R 
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Air inside a rigid tank is heated from 550 to 600 R. Find the entropy increase S 2 - 
Sj? What if it is from 2300 to 2350 R? 

Process: V = C -> ^W 2 = 0 

Entropy change from Eq.6.17: 

t 2 

a) s 2 - sj = C vo In ( ^r) = 0.171 

T 

b) s 2 - Sj = C vo In ( ^r) = 0.171 
From F.5: 

case a) C v « Au / AT = 6.868/40 = 0.1717 Btu/lbm-R, see F.4 (0.171) 

case b) C v * Au / AT = 21.53/100 = 0.215 Btu/lbm-R (25 % higher) 
so result should have been 0.00463 Btu/lbm-R 



( 6003 

In 

l550j “ 

In 

f23503 

v 2300j 


= 0.015 Btu/lbm-R 


= 0.00368 Btu/lbm-R 
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R-410A at 60 psia is brought from 60 F to 240 F in a constant pressure process. 
Evaluate the change in specific entropy using Table F.9 and using ideal gas with 
C p = 0.1935 Btu/lbmR. 

Table F.9.2 Sj = 0.2849 Btu/lbm-R, s 2 = 0.3496 Btu/lbm-R 
s 2 — sj = 0.3496 - 0.2849 = 0.0647 Btu/lbm-R 

T 2 240 +460 

Eq. 6.16: s 2 - Sj ~ C po In = 0. 1935 In gQ + 45 Q = 0.0575 Btu/lbm-R 

Two explanations for the difference are as the average temperature is higher than 
77 F we could expect a higher value of the specific heat and secondly it is not an 
ideal gas (if you calculate Z = Pv/RT = 0.94). 
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Oxygen gas in a piston/cylinder at 500 R and 1 atm with a volume of 1 ft is 
compressed in a reversible adiabatic process to a final temperature of 1000 R. 
Find the final pressure and volume using constant heat capacity from Table F.4 
and repeat with Table F.6. 

Solution: 

C.V. Air. Assume a reversible, adiabatic process. 

Energy Eq. 3. 5: u 2 -u 1 =0- 1 w 2 ; 

Entropy Eq.6.37: s 2 - Sj = I dq/T + js 2 gen = 0 

Process: Adiabatic jq 2 = 0 Reversible js 2 gen = 0 

Properties: Table F.4: k= 1.393 

With these two terms zero we have a zero for the entropy change. So this is a 
constant s (isentropic) expansion process. From Eq.6.23 

k 

p 2 = Pj( t 2 / T^' 1 = 14.7 (1000/500) 3 ' 5445 = 171.5 psia 


Using the ideal gas law to eliminate P from this equation leads to Eq.6.24 

1 1 


1-k 


V 2 = V 1 (T 2 /T 1 ) = 1 x 

Using the ideal gas tables F.6 we get 


v 


1000 

500 


7 


t-t- 393 _ o.i7i ft 3 


s 2 ' S 1 = S T2 " S T1 “ R l n (P2/Pl) or P 2 = Pi exp[(Sj 2 - S^i)/R] 


P 2 = 14.7 psia X exp [(5 3. 47 5 - 48.4185)/1. 98589] = 187.55 psia 

* 1000 14.7 ^ 

V 2 = Vi (T 2 / TjXPj/P^ = 1 ft 3 X - gQQ X = 0.157 ft 3 
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A handheld pump for a bicycle has a volume of 2 in. 3 when fully extended. You 
now press the plunger (piston) in while holding your thumb over the exit hole so 
an air pressure of 45 lbf/in 2 is obtained. The outside atmosphere is at P , T . 
Consider two cases: (1) it is done quickly (~1 s), and (2) it is done slowly (~1 h). 

a. State assumptions about the process for each case. 

b. Find the final volume and temperature for both cases. 

Solution: 

C.V. Air in pump. Assume that both cases result in a reversible process. 
State 1: P 0 , T 0 State 2: 45 lbf/in. 2 , ? 


One piece of information must resolve the ? for a state 2 property. 
Case I) Quickly means no time for heat transfer 

Q = 0, so a reversible adiabatic compression. 
u 2 - ui = -jw 2 ; s 2 - s j = J dq/T + js 2 gen = ® 


With constant s and constant heat capacity we use Eq.6.23 


k-1 


t 2 = T i( p 2 / p i) k =536.7 


45 


x 


V 


04 

1.4 


= 738.9 R 


14.696y 

Use ideal gas law PV = mRT at both states so ratio gives 


=> y 2 = P 1 V 1 T 2 /T 1 P 2 = 0.899 in- 


Case II) Slowly, time for heat transfer so T = constant = T 0 . 

The process is then a reversible isothermal compression. 

T 2 = T 0 = 536.7 R => V 2 = V 1 P 1 /P 2 = 0.653 in 3 
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A piston/cylinder contains air at 2500 R, 2200 lbf/in. 2 , with Vj = 1 in. 3 , A cy | = 1 

in. 2 as shown in Fig. P6.92. The piston is released and just before the piston exits 
the end of the cylinder the pressure inside is 30 lbf/in. 2 . If the cylinder is 
insulated, what is its length? How much work is done by the air inside? 

Solution: 

C.V. Air, Cylinder is insulated so adiabatic, Q = 0. 

Continuity Eq.: m 2 = irq = m, 

Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - iW 2 = - ]W 2 

Entropy Eq.6.14: m(s 2 - = J dQ/T + jS 2 gen = 0 + 2 S 2 gen 

State 1: (T b Pj) State 2: (P 2 , ?) 

So one piece of information is needed for the ?, assume reversible process. 

l S 2gen = ° => s 2- s l =0 

State 1: Table F.5: u^ = 474.33 Btu/lbm, s°j = 2.03391 Btu/lbm R 

2200x 1.0 , 

m - PjVj/RTj - 53 34 x 250Q x 12 - L375 x 10 lbm 

State 2: P 2 and from Entropy eq.: s 2 = s ] so from Eq.6. 19 

p 2 53 34 30 

s° 2 = s°j + R In p^- = 2.03391 + ln(^^) = 1 .73944 Btu/lbm R 


Now interpolate in Table F.5 to get T 2 


T 2 = 840 + 40 (1.73944 - 1 .73463)/(l .74653 - 1.73463) = 816.2 R 
u 2 = 137.099 + (144.1 14 - 137.099) 0.404 = 139.93 Btu/lbm 



t 2 p 1 
1 TiP 2 


1 x 816.2 x 2200 
2500 x 30 


23.94 in 3 


=> L 2 = V 2 /A cyl = 23.94/1 = 23.94 in 

,W 2 = m(uj - u 2 ) = 1.375 x 10' 3 (474.33 - 139.93) = 0.46 Btu 
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A 25-ft 3 insulated, rigid tank contains air at 1 10 lbf/in. 2 , 75 F. A valve on the tank 
is opened, and the pressure inside quickly drops to 15 lbf/in. 2 , at which point the 
valve is closed. Assuming that the air remaining inside has undergone a reversible 
adiabatic expansion, calculate the mass withdrawn during the process. 

C.V.: Air remaining inside tank, m 2 - 
Cont.Eq.: m 2 = m ; 

Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - iW 2 

Entropy Eq.6.37: m(s 2 - Sj) = I dQ/T + ]S 2 gen 

Process: adiabatic j Q 2 = 0 and reversible iS 2gen = 0 



Entropy eq. then gives s 2 = Sj and ideal gas gives the relation in Eq. 6. 23 

t 2 = = 535 R (15/110) 0 ' 286 = 302.6 R 

in 2 o ft-lbf 

mj = PjV/RTj = 1 10 psiax 144 25 ft 3 /(53.34 x 535 R) 

= 13.88 lbm 

in 2 o ft-lbf 

m 2 = P 2 V/RT 2 = 15 psiax 144 x 25 ft 3 /(53.34 x 302.6 R) 
= 3.35 lbm 

m e = m i - m 2 = 10.53 lbm 
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6.219 

A cylinder/piston contains 0.1 lbm methane gas at 15 psia, 70 F. The gas is 
compressed reversibly to a pressure of 120 psia. Calculate the work required if the 
process is adiabatic. 


Solution: 

C.V. Methane gas of constant mass m 2 = mj = m and reversible process. 
Energy Eq.3.5:m(u 2 - u^ = : Q 2 - : W 2 
Entropy Eq.6.3 (37): m(s 2 - sj) = J dQ/T + jS 2 gen = J dQ/T 
Process: iQ 2 = 0 => s 2 = sj 

thus isentropic process s = const and ideal gas gives relation in Eq.6.23 


k-1 


t 2 = T x (P 2 /Pi) k = 529.7 R 




120 

15 


0.230 


y 


= 854.6 R 


{W 2 = -mC V0 (T 2 - T : ) = -0.1 lbm x 0.415 Btu/lbm-R (854.6 - 529.7) R 

= -13.48 Btu 
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Helium in a piston/cylinder at 70 F, 20 psia is brought to 720 R in a reversible 
polytropic process with exponent n = 1.25. You may assume helium is an ideal 
gas with constant specific heat. Find the final pressure and both the specific heat 
transfer and specific work. 

Solution: 

C.V. Helium, control mass. C v = 0.744 Btu/lbm R, R = 386 ft lbf/ lbm R 
Process Pv 11 = C & Pv = RT => Tv 11 ' 1 = C 

From the process equation and = 70 + 460 = 530 R, T 2 = 720 R 
T lV n4 = T 2 v n4 => v 2 /v 1 =(T 1 IT 2 ) lln - x =0.2936 

P 2 / p 1= ( V j / v 2 ) n = 4.63 => P 2 = 69.4 lbf/in. 2 

The work is from Eq.6.29 per unit mass 

jw 2 = J P dv = | C w n dv = (P 2 v 2 - P : vj) = ^ (T 2 - Tj) 

386 

= zrzz 77777 “ Btu/lbm-R (720 - 530) R = -377 Btu/lbm 
778 x (-0.25) 

The heat transfer follows from the energy equation 
102 = u 2 - u : + !W 2 = C v (T 2 - T : ) + jw 2 

= 0.744(720 - 530) + (-377) = -235.6 Btu/lbm 
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A cylinder/piston contains air at ambient conditions, 14.7 lbf/in. 2 and 70 F with a 
volume of 10 ft 3 . The air is compressed to 100 lbf/in. 2 in a reversible polytropic 
process with exponent, n = 1.2, after which it is expanded back to 14.7 lbf/in. 2 in 
a reversible adiabatic process. 

a. Show the two processes in P-v and T-s diagrams. 

b. Determine the final temperature and the net work. 



m = PiVi/RTi 
_ 14.7 x 144 x 10 
“ 53.34 x 529.7 
= 0.7492 lbm 


b) The process equation is expressed in Eq.6.28 


n-1 


r 


100 

14.7J 


0.167 


= 729.6 R 


T 2 = T 1 (P 2 /P 1 ) n = 529.7 
The work is from Eq.6.29 

2 P 2 v 2 - P I v R(T 2 -T,) 53.34(729.6-529.7) 

,w 2 = /Pdv = = “ 

1 

= -68.5 Btu/lbm 

Isentropic relation is from Eq.6.23 


1 -n 


778(1 - 1.20) 


k-1 


14.7' 

100 


0.286 


= 421.6 R 


T 3 = T 2 (P 3 /P 2 ) k = 729.7 R 

With zero heat transfer the energy equation gives the work 
2 w 3 = C V0 (T 2 - T 3 ) = 0.171(729.6 - 421.6) = +52.7 Btu/lbm 

w NEX = 0.7492(-68.5 + 52.7) = -11.8 Btu 
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Consider a heat transfer of 100 Btu from 2400 R hot gases to a steel container at 
1200 R which has a heat transfer of the 100 Btu out to some air at 600 R. 
Determine the entropy generation in each of the control volumes indicated in Fig. 
P6.115. 


There is no change in energy or entropy in the indicated control volumes, 
so no storage effect. There is a transfer of energy in and out of each CV and an 
associated transfer of entropy. 


Take CV1 
Energy Eq.: 

0 = Q - Q 

Entropy Eq.: 


0 = 


_Q 

T 


H 


'gen CV1 


Q 

M 

_Q_ 

t m 

100 


Tm + S 8 en CV1 

Q 


T 


H 

100 


1200 2400 


= 0.0417 Btu/R 


Take CV2 
Energy Eq.: 

0 = Q - Q 

Entropy Eq.: 


0 = 


Q 


T 


M 


Q 

L 

Q 


X T + ‘'’gen CV2 

Q 


'gen CV2 - j l Xm 
100 100 


600 1200 


= 0.083 Btu/R 
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A computer chip dissipates 2 Btu of electric work over time and rejects that as 
heat transfer from its 125 F surface to 70 F air. How much entropy is generated in 
the chip? How much if any is generated outside the chip? 


C.V.l Chip with surface at 125 F, we assume chip state is constant. 
Energy: U 2 - Uj = 0 = : Q 2 - ,W 2 = W electrical in - Q out , 

Qout 1 

Entropy: S 2 - Sj = 0 = - Tp— + jS 2 genl 

1 surf 


Qout 1 

1^2 genl = 'p 


w 


electrical in 


2 Btu 


surf 


T 


surf 


(125 +459.7) R 


= 0.0034 Btu/R 


C.V.2 From chip surface at 125 F to air at 70 F, assume constant state. 
Energy: U 2 - Uj = 0 = : Q 2 - jW 2 = Q out , - Q out 2 


Entropy: 



Qout2 

X . 1^2 gen2 


air 


Qout2 Qoutl 2 Btu 2 Btu 


1^2 gen2 “ x . 

x air 


T surf " 529.7 R " 584.7 R 


= 0.000 36 Btu/R 
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2 

An insulated cylinder/piston contains R-134a at 150 lbf/in. , 120 F, with a volume 

of 3.5 ft . The R-134a expands, moving the piston until the pressure in the 

cylinder has dropped to 15 lbf/in. . It is claimed that the R-134a does 180 Btu of 
work against the piston during the process. Is that possible? 

Solution: 

C.V. R-134a in cylinder. Insulated so assume Q = 0. 

State 1: Table F.10.2, V] = 0.3332 ft 3 /lbm, Uj = 175.33 Btu/lbm, 

Sj = 0.41586 Btu/lbm R, m = Vj/vj = 3.5/0.3332 = 10.504 lbm 
Energy Eq.3.5: m(u 2 - u^ = - ^W 2 = 0 - 180 => 

u 2 = u i - iW 2 /m = 158.194 Btu/lbm 
State 2: P 2 , u 2 =^> Table F.10.2: T 2 = -2 F ; s 2 = 0.422 Btu/lbm R 

Entropy Eq.6.37: m(s 2 - Sj) = JdQ/T + iS 2>gen = iS 2gen 

l s 2,gen = m ( s 2 - »i) = 10.504 (0.422 - 0.41586) = 0.0645 Btu/R 

This is possible since jS 2 g en > ® 
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Heat transfer from a 70 F kitchen to a block of 3 lbm ice at 15 F melts it to liquid 
at 50 F. Find the entropy generation. 

Water changes state from nearly saturated solid to nearly saturated liquid. 
The pressure is 1 atm, but we approximate the state properties with saturated state 
at the same temperature. 

CV Ice out to the 20°C kitchen air 

Energy Eq.3.5: m(u 0 - Uj) = ( W 2 = jQ,, 

Entropy Eq.6.37: m(s 2 - Sj) = J dQ/T + ,S 2 gen = iQ 2 /T 0 + ,S 2 gen 

State 1: Compressed (saturated) solid, F.7.4, 

Uj = -151.75 Btu/lbm, Sj = -0.3093 Btu/lbm-R 

State 2: Compressed (saturated) liquid F.7.1 

u 2 = 38.09 Btu/lbm, s 2 = 0.0746 Btu/lbm-R 

Heat transfer from the energy Eq. 

: Q 2 = m(u 2 -u 1 ) = 3 [38.09 -(-151.75)] =569.52 Btu 

From the entropy Eq. 

1 S 2 gen = m ( s 2 “ s l) “ lQ2 /T 0 

= 3 [0.0746 - (-0.3093)] - 569.52/529.7 = 0.0765 Btu/R 
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A mass and atmosphere loaded piston/cylinder contains 4 lbm of water at 500 
lbf/in. 2 , 200 F. Heat is added from a reservoir at 1200 F to the water until it 
reaches 1200 F. Find the work, heat transfer, and total entropy production for the 
system and surroundings. 

Solution: 

C.V. Water out to surroundings at 1200 F. This is a control mass. 

Energy Eq.3.5: U 2 - Uj = jQ 2 - ,W 2 

Entropy Eq.6.37: m(s 2 - s,) = JdQ/T + ,S 2 gen = iQ 2 /T res + ,S 2 gen 

Process: P = constant so ^W 2 = P(V 2 - Vj) = mP(v 2 - Vj) 

State 1: Table F.7.3, = 0.01661 ft 3 /lbm 

hj = 169.18 Btu/lbm, Sj = 0.2934 Btu/lbm R 

State 2: Table F.7.2, v 2 = 1.9518 ft 3 /lbm, h 2 = 1629.8 Btu/lbm, 

s 2 = 1.8071 Btu/lbm R 



Work is found from the process (area in P-V diagram) 

,W 2 = mP(v 2 - Vl ) = 4 x 500(1.9518 - 0.01661) = 716.37 Btu 


The heat transfer from the energy equation is 

lQ 2 = U 2 - Uj + ,W 2 = m(u 2 - u : ) + mP(v 2 - v : ) = m(h 2 - h 2 ) 


jQ 2 = 4(1629.8 - 169.18) = 5842.48 Btu 
Entropy generation from entropy equation (Eq.6.37) 

1Q2 

1 S 2 2en = m(s 2 - Sj) - T^r- = 4(1.8071 - 0.2934) - 

^ res 


5842.48 

1659.67 


= 2.535 Btu/R 
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A 1 gallon jug of milk at 75 F is placed in your refrigerator where it is cooled 
down to the refrigerators inside temperature of 40 F. Assume the milk has the 
properties of liquid water and find the entropy generated in the cooling process. 

Solution: 

C.V. Jug of milk. Control mass at constant pressure. 

Continuity Eq.: m 2 = m l = m ; 

Energy Eq. 3. 5: m(u 2 - Uj) = jQ 2 - jW 2 

Entropy Eq.6.37: m(s 2 - Sj) = J dQ/T + jS 2 ?en 

State 1: Table F.7.1: Vj = v f = 0.01606 ft 3 /lbm, tq = h f = 43.085 Btu/lbm; 

Sf = 0.08395 Btu/lbm R 

State 2: Table F.7.1: h 2 = h f = 8.01 Btu/lbm, s 2 = s f = 0.0162 Btu/lbm R 
Process: P = constant = 14.7 psia => jW 2 = mP(v 2 - Vj) 

Vj = 1 Gal = 231 in 3 => m = 231 / 0.01606 x 12 3 = 8.324 lbm 
Substitute the work into the energy equation and solve for the heat transfer 
jQ 2 = m(h 2 - lq) = 8.324 lbm (8.01 - 43.085) Btu/lbm = -292 Btu 
The entropy equation gives the generation as 

1^2 gen — m ( s 2 ~ s l) " 1 Q2^refrig 

= 8.324 (0.0162 - 0.08395) - (-292 / 500) 

= - 0.564 + 0.584 = 0.02 Btu/R 
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A cylinder/piston contains water at 30 lbf/in. 2 , 400 F with a volume of 1 ft 3 . The 
piston is moved slowly, compressing the water to a pressure of 120 lbf/in. 2 . The 
loading on the piston is such that the product PV is a constant. Assuming that the 
room temperature is 70 F, show that this process does not violate the second law. 

Solution: 

C.V.: Water + cylinder out to room at 70 F 
Energy Eq.3.5: m(u 2 - u^ = - jW 2 

Entropy Eq.6.37: m(s 2 - Sj) = : Q 2 / T room + jS 2 gen 

Process: PV = constant = Pmv =^> v 2 = Piv 1 /P 2 
l w 2 = JPdv = PjVi ln(v 2 /vj) 

State 1: Table B.1.3, Vj = 16.891 ft 3 /lbm, u^ = 1144Btu/lbm, 

Sj = 1.7936 Btu/lbm R 

State 2: P 2 , v 2 = Pi Vl /P 2 = 30 x 16.891/120 = 4.223 ft 3 /lbm 

Table F.7.3: T 2 = 425.4 F, u 2 = 1 144.4 Btu/lbm, s 2 = 1.6445 Btu/lbmR 

144 4.223 

jw 2 = 30 x 16.891 x In ( ] 5 §9 ] ) = -130.0 Btu 
jq 2 = u 2 - u 1 + jw 2 = 1144.4 - 1144 - 130 = -129.6 Btu/lbm 


1Q2 

l s 2,gen — s 2 " S 1 " T 

A room 


1.6445 


1.7936 + 


129.6 

529.67 


= 0.0956 Btu/lbm R > 0 


satisfies entropy equation. 
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One pound mass of ammonia (NH 3 ) is contained in a linear spring-loaded 

piston/cylinder as saturated liquid at 0 F. Heat is added from a reservoir at 225 F 
until a final condition of 200 lbf/in. 2 , 160 F is reached. Find the work, heat 
transfer, and entropy generation, assuming the process is internally reversible. 

Solution: 


C.V. = NH 3 out to the reservoir. 

Continuity Eq.: m 2 = m l = m 

Energy Eq.3.5: E 2 - E ( = m(u 2 - Uj) = jQ 2 - jW 2 

Entropy Eq.6.37: S 2 - S 1 = JdQ/T + iS 2>gen = !Q 2 /T res + iS 2 gell 

Process: P = A + BV linear in V => 

tW 2 = J P dV = \ (Pi + P 2 )(V 2 - Vi) = \ (Pi + P 2 )m(v 2 - Vj) 


State 1: Table F. 8.1 
Pj = 30.4 psia, 

V! = 0.0242 ft 3 /lbm 
uj =42.46 Btu/lbm, 

Sj = 0.0967 Btu/lbm R 
State 2: Table F.8.2 sup. vap. 



v 



s 


v 2 = 1.7807 ft 3 /lbm, u 2 = 677.36 Btu/lbm, 
s 2 = 1.2514 Btu/lbm R 

,W 2 = \ (30.4 + 200)1(1.7807 - 0.0242)x 144/778 = 37.45 Btu 

: Q 2 = m(u 2 - u : ) + ,W 2 = 1(677.36 - 42.46) + 37.45 = 672.35 Btu 

672 35 

Sgen = m (s 2 - Sl ) - iQ 2 /T res = 1(1.2514 - 0.0967) - = 0.173 Btu/R 
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6.230 

A hollow steel sphere with a 2-ft inside diameter and a 0.1 -in. thick wall contains 
water at 300 lbf/in. 2 , 500 F. The system (steel plus water) cools to the ambient 
temperature, 90 F. Calculate the net entropy change of the system and 
surroundings for this process. 

C.V.: Steel + water out to ambient T 0 . This is a control mass. 

Energy Eq.: U 2 -U, = : Q 2 - {W 2 = m H20 (u 2 - u : ) + m steel (u 2 - uj) 

Entropy Eq.: S 2 — S x = J dQ/T + ,S 2 gen = iQ 2 /T 0 + ,S 2 gen 
Process: V = constant => | W 2 = 0 

V s teei = f [2.0083 3 - 2 3 ] = 0.0526 ft 3 
m steel = (pV)steel = 490 x 0.0526 = 25.763 lbm 
V H -,o = tc/ 6 x 2 3 = 4.189 ft 3 , m Ho0 = V/v = 2.372 lbm 

v 2 = Vl = 1.7662 = 0.016099 + x 2 x 467.7 => x 2 = 3.74xl0' 3 

u 2 = 61.745 Btu/lbm, s 2 = 0.1187 Btu/lbm R 

tQ 2 = AU steel + AU H2 o = (mC) steel (T 2 -T 1 ) + m H2 o(u 2 - Uj) 

= 25.763 x 0.107(90-500) + 2.372(61.74 - 1159.5) 

= -1130 - 2603.9 = -3734 Btu 

S 2 - S\ = m stee i(s 2 - s j) + m Ho0 (s 2 - Sj) = 25.763 x 0.107 x ln(550/960) 

+ 2.372(0.1187 - 1.5701) = -4.979 Btu/R 
AS SU r = - Ql2/ T o = 3734/549.67 = 6.793 Btu/R 

1^2 gen = S 2 - Sj - iQ 2 /T 0 = AS SY s + A^SUR 
= -4.979 + 6.793 = 1.814 Btu/R 
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6.231 

One lbm of air at 540 R is mixed with two lbm air at 720 R in a process at a 
constant 15 psia and Q = 0. Find the final T and the entropy generation in the 
process. 


C.V. All the air. 

Energy Eq.: U 2 - U] = 0-W 
Entropy Eq. : S 2 - S l = 0 + j S 2 gen 

Process Eq.: P = C; W = P(V 2 -V 1 ) 

Substitute W into energy Eq. 




U 2 - U l + W = U 2 - Uj + P(V 2 - Vj) = H 2 - Hj = 0 


Due to the low T let us use constant specific heat 


H 2 - Hj = m A (h 2 - h : ) A + m B (h 2 - hj) B 

= m A Cp(T 2 - T A i) + m B C p (T 2 - T b1 ) = 0 


„ m A T Al+ m B T Bl 1 „ 2„ 

To — = o Tai + ^ T B1 — 660 R 

z m A + m B 3 A1 3 m 

Entropy change is from Eq. 6.16 with no change in P and Table F.4 for C p 

T 2 T 2 

1 S 2 gen - S 2 “ S 1 ~ m A C p ln j + m B C p ln j 


At 

660 660 
= 1 x 0.24 ln + 2 x 0.24 ln 

= 0.0482 - 0.0418 = 0.0064 Btu/R 


B1 


Remark: If you check the volume does not change and there is no work. 
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One lbm of air at 15 psia is mixed with two lbm air at 30 psia, both at 540 R, in a 
rigid insulated tank. Find the final state (P, T) and the entropy generation in the 
process. 


C.V. All the air. 

Energy Eq.: U2 - U] = 0-0 

Entropy Eq.: S 2 - Si = 0 + iS 2 gen 

Process Eqs.: V = C; W = 0, Q = 0 
States A1,B1: u A1 =u B1 

v A = m A RT l/ p Ab V B = m B RTi/P B1 









Lh 


U 2 - Uj = m 2 u 2 - m A u A1 - m B u B1 = 0 => u 2 = (u A1 + 2u B1 )/3 = u A1 
State 2: T 2 = Tj = 540 R (from u 2 ); m 2 = m A + m B = 3 kg; 

V 2 = m 2 RT]/P 2 = V A + V B = m A RT|/P A i + m B RT 1 /P B1 


Divide with m A RT ] and get 


1 


3/P 2 = l/P A i + 2/P B1 = "[5 + 3 q = 0.133 psia' 1 => P 2 = 22.5 psia 

Entropy change from Eq. 6.16 with the same T, so only P changes 

P 2 _ P 2 

1S2 gen = S 2 - Sj = -m A R In jj—- m B R In ^ 


A1 


B1 


22.5 22.5 

= - 1 x 53.34 [ In — jy + 2 In ] 

= -53.34 (0.4055 - 0.5754) = 9.06 lbf-ft/R = 0.0116 Btu/R 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 



Borgnakke and Sonntag 


6.233 

A rigid container with volume 7 ft 3 is divided into two equal volumes by a 
partition. Both sides contain nitrogen, one side is at 300 lbf/in. 2 , 400 F, and the 
other at 30 lbf/in. 2 , 200 F. The partition ruptures, and the nitrogen comes to a 
uniform state at 160 F. Assume the temperature of the surroundings is 68 F, 
determine the work done and the net entropy change for the process. 

Solution: 

C.V.:A + B Control mass no change in volume => iW 2 = 0 

m A1 = PaiV A i/RT A i = 300x1 44 x 3.5 /(55.15 x 859.7) = 3.189 lbm 
m B i = PbiV B i/RT B i = 30x1 44 x 3.5 / (55.15x 659.7) = 0.416 lbm 
P 2 = m TOT RT 2 /V xot = 3.605 x 55.15 x 619.7/(144 x 7) = 122.2 lbf/in 2 
From Eq.6.16 

S 2 - Si = m Al (s 2 - Sl ) Al + m B1 (s 2 - Sj) Bl 

619.7 55.15 122.2 

-3.189 [0.249 In 859 ? - 7?8 In 30Q ] 

619.7 55.15 122.2 , 

+ 0.416 [0.249 In 659J - ?78 In 3Q ] 

= -0.0569 - 0.0479 = -0.1048 Btu/R 
1 Q 2 = m Al( u 2 - u l) +m B i(u 2 -u 1 ) 

= 3.189 x 0.178(160 - 400) + 0.416 x 0.178(160 - 200) = -139.2 Btu 


From Eq.6.37 

l s 2gen = S 2 - Sj - iQ 2 /T 0 = -0.1048 Btu/R + 139.2 Btu/ 527.7 R 

= +0.159 Btu/R 
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6.234 

A constant pressure piston/cyl. is 2 lbm of steel and it contains 1 lbm of air 540 R, 
60 psia. The system is now heated to 2600 R by a 2800 R source and the steel has 
the same temperature as the air. Find the entropy generation using constant 
specific heats. 

C.V. Air and Steel. 

Energy Eq.: U 2 - U, = m air (u 2 - uj) + m st (u 2 - u,) = : Q 2 - ,W 2 

Entropy Eq.6.37: m air (s 2 - sj) + m st (s 2 - sj) = iQ 2 /T source + ,S 2 gen 

2 

Process: P = C => iW 2 = / PdV = P (V 2 - Vj) = P m air (v 2 - vj) 

1 

lQ2 = m air( u 2 ~ u l)air + m st( u 2 “ u l)st + 1 W 2 = m air( h 2 " h l)air + m st(U2 “ Ui) st 


Use F.2: (u 2 - u^ = C (T 2 - Tj) = 0.1 1 Btu/lbm-R x (2600 - 540) R 

= 226.6 Btu/lbm 

Use F.4: (h 2 - hj)^ = C p (T 2 - Tj) = 0.24 Btu/lbm-R x (2600 - 540) R 

= 494.4 Btu/lbm 


lQ2 = m air( h 2 - h l)air + m st( u 2 - u l)st 

= 1 lbm x 494.4 Btu/lbm + 2 lbm x 226.6 Btu/lbm = 947.6 Btu 


S 2 - Si = m air (s 2 - sj) + m st (s 2 - Sj) 


= 1 lbm x 0.24 Btu/lbm-R x In 


2600 

540 


2600 

+ 2 lbm x 0. 1 1 Btu/lbm-R x In = 0.723 Btu/R 
lS 2 ge n = S 2 - Si - iQ 2 /T source = 0.723 - 947.6/2800 = 0.385 Btu/R 
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6.235 

Do Problem 6.234E using Table F.5. 

C.V. Air and Steel. 

Energy Eq.: U 2 - U l = m air (u 2 - uj) + m st (u 2 - u : ) = : Q 2 - {W 2 

Entropy Eq.6.37: m air (s 2 - s,) + m st (s 2 - s, ) = iQ 2 /T source + ,S 2 gen 

2 

Process: P = C => ,W 2 = / PdV = P (V 2 - Vj) = P m air (v 2 - 

1 

lQ2 = m air( u 2 " u l)air + m st( u 2 “ u l)st + 1 W 2 = m air( h 2 " h l)air + m st(U2 “ Ui) st 

Use air tables F.5: (h 2 - h 1 ) air = 674.421 - 129.18 = 545.24 Btu/lbm 

(s 2 - = 2.04517 - 1.63979 + 0 = 0.40538 Btu/lbmR 

No pressure correction as P 2 = P] 

Use F.2: (u 2 - u^ = C(T 2 - Tj) = 0. 1 1 Btu/lbm-R x (2600 - 540) R 

= 226.6 Btu/lbm 


lQ2 = m air( h 2 - h l)air + m st( u 2 “ u l)st 

= 1 lbm x 545.24 Btu/lbm + 2 lbm x 226.6 Btu/lbm = 998.44 Btu 


S 2 - Si = m air (s 2 - sj) + m st (s 2 - sj) 

2600 

= 0.40538 + 2 lbm x 0.1 1 kJ/kgK x In = 0.751 15 Btu/lbm 
lS2gen = S 2 - Si - iQ 2 /T sour ce = 0.75115 - 998.44/2800 = 0.395 Btu/R 
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6.236 

Nitrogen at 90 lbf/in. 2 , 260 F is in a 20 ft 3 insulated tank connected to a pipe with 
a valve to a second insulated initially empty tank of volume 10 ft 3 . The valve is 
opened and the nitrogen fills both tanks. Find the final pressure and temperature 
and the entropy generation this process causes. Why is the process irreversible? 


CV Both tanks + pipe + valve Insulated : Q = 0 Rigid: W = 0 

Energy Eq. 3. 5: m(u 2 -u 1 ) = 0-0 => u 2 = ui=u a i 

Entropy Eq.6.37: m(s 2 - s^ = JdQ/T + 1 S 2gen = 1 S 2gen (dQ = 0) 

State 1: Pj , Tj , V a => Ideal gas 

m = PV/RT = (90 x 20 x 144)/ (55.15 x 720) = 6.528 lbm 
State 2: V 2 = V a + ; uniform final state v 2 = V 2 / m ; u 2 = u a j 



Ideal gas u (T) => u 2 = u a j => T 2 = T a j = 720 R 
P 2 = mR T 2 / V 2 = (Vj / V 2 ) Pj = (2/3) x 90 = 60 lbf/in. 2 
From entropy equation and Eq.6.19 for entropy change 
Sgen = m ( s 2 - Si) = rn (s X2 ° - s T1 ° - R In (P 2 / Pj ) 

= m (0 - R In (P 2 /P, ) = -6.528 x 55.15 x (1/778) In 2/3 
= 0.187 Btu/R 

Irreversible due to unrestrained expansion in valve P -l but no work out. 
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If not a uniform final state then flow until ?2b = ?2a an<3 valve is closed. 
Assume no Q between A and B 

m a2 + m b2 = m al : m a2 v a2 + m b2 v b2 = m al v al 

m a2 s a2 + m b2 s b2 ' m al s al = 0 + l$2 gen 
Now we must assume m a 2 went through rev adiabatic expansion 
1) V 2 = m a2 v a2 + m b2 v b2 ; 2) P b2 = P a2 ; 

3 ) s a2 = s al ; 4) Energy eqs. 

4 Eqs 4 unknowns : P2 , T a 2 , T b 2 7 x = m a 2 / m a ^ 
v 2 / m al = x v a2 + (1 - x) v b2 = x x (R T a2 IV 2 )+ (1 - x) (R T b2 / P2) 
Energy Eq.: m a2 ( u a2 - u al ) + m b2 (u b2 - u al ) = 0 

x C v ( T a2 - T al ) + (1 - x) C v (T b2 - T al ) = 0 
xT a 2 +(1 -x)T b2 = T al 

Vol constraint: P2 V2 / m a ^ R = x T a 2 + (1 - x) T b 2 = T a j 

P 2 = m al R T al / V 2 = m al R T al / (1.5V al ) = 2/3 P al = 60 lbf/in. 2 
s a 2 = s a l => T a2 = T al (P 2 / P a i) k -! ' k = 720 x (2/3)0-2857 = 641 . 24 R 
Now we have final state in A 

v a2 = R T a 2 / ?2 = 4.0931 ft/lbm; m a 2 = V a / v a 2 = 4.886 lbm 
x = m a2 / m al = 0.7485 m b 2 = m a ^ - m a 2 = 1.642 lbm 

Substitute into energy equation 

T b2 = ( T al- x T a2 )/ (l-x) = 954.4 R 
1S2 gen = m b2 ( s b2 - s al) = m b2 [ c p ln ( T b2 / T al ) - R In (P 2 / P a l)] 

= 1.642 [ 0.249 ln (954.4/720) - (55.15/778) ln (2/3) ] 

= 0.1624 Btu/R 

Comment: This shows less entropy generation as the mixing part is out compared 
with the previous solution. 
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6.237 

A cylinder/piston contains carbon dioxide at 150 lbf/in. 2 , 600 F with a volume of 

'l Q 

7 ft . The total external force acting on the piston is proportional to V . This 
system is allowed to cool to room temperature, 70 F. What is the total entropy 
generation for the process? 

C.V. Carbon dioxide gas of constant mass m 2 = m 2 = m out to ambient. 
Energy Eq.3.5: m(u 2 - Uj) = ^ 2 - ( W 2 

Entropy Eq.6.37: m(s 2 - Sj) = J dQ/T + jS 2 gen = iQ 2 /T amb + r S 2 gen 

Process: P = CV or PV = constant, which is polytropic with n = -3 
State 1: Pj = 150 lbf/in 2 , T : = 600 F = 1060 R, Vj = 7 ft 3 Ideal gas 

PlVi 150x 144x7 

m = 1A i a/ta = 4.064 lbm 

RTi 35.10x 1060 


Process: P = CV or PV = const. polytropic with n = -3. 


n 


P 2 = P ] (T 2 /T ] )n-l = 150 

1 


530 

1060 


°- 75 = 89.2 lbf/in 2 


T 


150 530 


& V 2 - Vj(Tj/T 2 )n-l - Vj x x - 7 x gg 2 x 1060 

P^-PiVj (89.2x 5.886- 150 x 7) 
l w 2 = J PdV = T73 2 

: Q 2 = 4.064 x 0.158 x (530 - 1060) - 24.3 = -346.6 Btu 


x 


m(s 2 - Sj) = 4.064 x 


0.203 x In 


530 3 35.10 
1060j ’ 778 


r 89.2 ^ 

150 


In 


J A 


5.886 

144 

= -24.3 Btu 


= -0.4765 Btu/R 


ASsurr — — iQ2^amb — 364.6 / 530 — +0.6879 Btu/R 
From Eq.6.37 or 6.39 

1$2 gen = m ( s 2 _ s l) “ lQ2/ T amb = A S NET = AS C0 2 + AS surr 
= -0.4765 Btu/R + 0.6879 Btu/R = +0.2114 Btu/R 



Notice: 

n = -3, k= 1.3 
n < k 
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6.238 

A cylinder/piston contains 4 ft 3 of air at 16 lbf/in. 2 , 77 F. The air is compressed in 
a reversible polytropic process to a final state of 120 lbf/in. 2 , 400 F. Assume the 
heat transfer is with the ambient at 77 F and determine the polytropic exponent n 
and the final volume of the air. Find the work done by the air, the heat transfer and 
the total entropy generation for the process. 

Solution: 

C.V. Air of constant mass rn 2 = irq = m out to ambient. 

Energy Eq. 3. 5: m(u 2 - u^) = 1 Q 2 - iW 2 

Entropy Eq.6.37: m(s 2 - = 1 dQ/T + ^2 gen = lQ2 /T 0 + l s 2 gen 

Process: Pvj n = P 2 v 2 n Eq.6.27 

State 1: (T b Pj) State 2: (T 2 , P 2 ) 

Thus the unknown is the exponent n. 

m = (PiVxVCRT!) = (16 x 4 x 144)/(53.34 x 537) = 0.322 lbm 
The relation from the process and ideal gas is in Eq. 6. 2 8 

n-1 j 

T 2 /T ] = (P 2 /Pi) n => = ln(T 2 / Tj) / ln(P 2 / P x ) = 0.2337 

n = 1.305, V 2 = Vi(Pi/P 2 ) 1/n = 4 x(16/20)l/1.305 = 0.854 ft 3 

, P2V2 - Pi Vi 

lW 2 = /PdV = fT ^ 

= [(120 x 0.854 - 16 x 4) (144 / 778) ] / (1 - 1.305) = -23.35 Btu / lbm 
1 Q 2 = m ( u 2 “ u l) + 1^2 = mC v (T 2 - Tj) + 1 W 2 

= 0.322 x 0.171 x (400 - 77) - 23.35 = -5.56 Btu / lbm 
s 2 -s 1= C p ln(T 2 / Tj) - R ln(P 2 / P x ) 

= 0.24 In (860/537) - (53.34/778) In (120/16) = -0.0251 Btu/lbm R 

1 S 2 gen = m ( s 2 “ s l) ' lQ2 /T 0 

= 0.322 X (-0.0251) + (5.56/537) = 0.00226 Btu/R 
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Rates or Fluxes of Entropy 
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6.239 

A room at 72 F is heated electrically with 1500 W to keep steady temperature. 
The outside ambient is at 40 F. Find the flux of S ( = Q/T) into the room air, into 
the ambient and the rate of entropy generation. 

CV. The room and walls out to the ambient T, we assume steady state 

Energy Eq.: 0 = W elin -Q out => Q out = W d in = 1500 W 

• • 

Entropy Eq. : 0 = - Q out /T + S gen to t 

Flux of S into room air at 22°C: Q/T = 1500 / 531.7 = 2.82 W/R 

Flux of S into ambient air at 5°C: Q/T = 1500 / 499.7 = 3.0 W/R 

Entropy generation: S gen tot = Q out /T = 1500 / 499.7 = 3.0 W/R 

Comment: The flux of S into the outside air is what leaves the control volume 
and since the control volume did not receive any S it was all made in the process. 
Notice most of the generation is done in the heater, the room heat loss process 
generates very little S (3.0 - 2.82 = 0.18 W/R) 
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6.240 

A heat pump with COP = 4 uses 1 kW of power input to heat a 78 F room, 
drawing energy from the outside at 60 F. Assume the high/low temperatures in the 
HP are 120 F/32 F. Find the total rates of entropy in and out of the heat pump, the 
rate from the outside at 60 F and to the room at 78 F. 


Solution: 


C.V.TOT. 
Energy Eq.: 

Entropy Eq.: 

Sgen CV tot 


Q l +W = 



Qh 

Qh 

Th 


+ 



From definition of COP: Qh = 

From energy equation: Q L = 

Flux into heat pump at 32 F: 

Flux out of heat pump at 120 F: 
Flux out into room at T H = 78 F: 
Flux from outside at 60 F: 


COP W = 4 x 1 kW = 4 kW 
Qn - W = (4 - 1) kW = 3 kW 
Ql 3 kW 


t l-hp 

Qh 


491.7 R 
4 kW 


T H -Hp“ 579.7 R 
Qh 4 kW 


= 0.0061 kW/R 


= 0.0069 kW/R 


t h 

Ql 


537.7 R 
3 kW 


T l _ 519.7 R 


= 0.00744 kW/R 


= 0.00577 kW/R 


Comment: Following the flow of energy notice how the flux from the outside at 
60 F grows a little when it arrives at 32 F this is due to entropy generation in the 
low T heat exchanger. The flux out of the heat pump at 120 F is larger than the 
flux in which is due to entropy generation in the heat pump cycle (COP is smaller 
than Carnot COP) and finally this flux increases due to entropy generated in the 
high T heat exchanger as the energy arrives at room T. 
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6.241 

A window receives 800 Btu/h of heat transfer at the inside surface of 70 F and 
transmits the 800 Btu/h from its outside surface at 36 F continuing to ambient air 
at 23 F. Find the flux of entropy at all three surfaces and the window’s rate of 
entropy generation. 


• Q 

Flux of entropy: S = 


• 800 Btu 
S inside = 529.7 h-R 

• 800 BtU 
S win = 495.7 h-R = 

• 800 Btu 
S amb = 482.7 h-R = 


= 1.51 Btu/h-R 
1.614 Btu/h-R 
1.657 Btu/h-R 


Window 


Inside 


N 

1/ 


70 F 


Outside 


36 F 



23 F 


Window only: S gen w j n = S w j n - Sj ns j t i e = 1.614 - 1.51 = 0.104 Btu/h-R 

If you want to include the generation in the outside air boundary layer where T 
changes from 36 F to the ambient 23 F then it is 

Sgen tot = Samb - S ins ide = 1-657 - 1.51 = 0.147 Btu/h-R 
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6.242 

A farmer runs a heat pump using 2.5 hp of power input. It keeps a chicken 
hatchery at a constant 86 F while the room loses 20 Btu/s to the colder outside 
ambient at 50 F. What is the rate of entropy generated in the heat pump? What is 
the rate of entropy generated in the heat loss process? 

Solution: 


C.V. Hatchery, steady state. 

Power: W = 2.5 hp = 2.5 2544.4 / 3600 = 1 .767 Btu/s 

To have steady state at 86 F for the hatchery 


Energy Eq.: 0 = Q H - Q Loss 

C.V. Heat pump, steady state 
Energy eq.: 0 = Q L + W - Q 


Q h = Qt = 20 Btu/s 


Loss 


-H 


Q L = Q u - W = 18.233 Btu/s 


H 


Ql Qh 

Entropy Eq.: 0 = 7jr~ - + S gen HP 

L/ H 

• Qh Ql 20 


18.233 Btu 

= 0.000 878 -5- 
s R 


°gen HP - Th t l _ 545.7 509.7 

C.V. From hatchery at 86 F to the ambient 50 F. This is typically the walls and the 
outer thin boundary layer of air. Through this goes Q Loss - 

• • 

^ ^ Qlo ss Qlo SS • 

Entropy Eq.: 0= ^ ^ + Sgen walls 


T amb 

• • 

Ql OSS Ql OSS 


20 


20 


’gen walls — ^ 


amb 


T 


H 


509.7 545.7 


= 0.00259 


Btu 

sR 
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6.243 

Water in a piston/cylinder is at 150 lbf/in. 2 , 900 F, as shown in Fig. P6.177. There 

are two stops, a lower one at which = 35 ft and an upper one at V max = 105 

ft . The piston is loaded with a mass and outside atmosphere such that it floats 
when the pressure is 75 lbf/in. 2 . This setup is now cooled to 210 F by rejecting 
heat to the surroundings at 70 F. Find the total entropy generated in the process. 


C.V. Water. 

State 1: Table F.7.2 V| = 5.3529 ft Vlbm, Uj = 1330.2 btu/lbm, 

Sj = 1.8381 Btu/lbm 
m = V/vj = 105/5.353 = 19.615 lbm 



State 2: 210 F and on line in P-v diagram. 

Notice the following: v g (Pf! oat ) = 5.818 ft 3 /lbm, v bot = V min /m = 1.7843 
T sat( p fioat) = 307.6 F, T 2 < T sat (P float ) => V 2 = v min 
State 2: 210 F, v 2 = v bot => x 2 = (1.7843 -0.0167)/27.796 = 0.06359 
u 2 = 178.1 + 0.06359x898.9 = 235.26 btu/lbm, 
s 2 = 0.3091 + 0.06359x1.4507 = 0.4014 btu/lbm R 
Now we can do the work and then the heat transfer from the energy equation 

JW 2 = /PdV = Pfi oat (V 2 - Vi) = 75(35 - 105) = -971.72 Btu 

jQ 2 = m(u 2 - uj) + X W 2 = 19.615(235.26 - 1330.2) - 971.72 = -22449 Btu 
Take C.V. total out to where we have 70 F: 
m ( s 2 ‘ s l) = 1 Q2^0 + Sge n => 

22449 

Sgen = m ( s 2 - s l) - iQ2 /T 0 = 19.615(0.4014 - 1.8381) + 52 g ^ 

= 14.20 Btu/R ( = AS water + AS sur ) 
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6.244 

A cylinder/piston contains 5 lbm of water at 80 lbf/in. 2 , 1000 F. The piston has 
cross-sectional area of 1 ft 2 and is restrained by a linear spring with spring 
constant 60 lbf/in. The setup is allowed to cool down to room temperature due to 
heat transfer to the room at 70 F. Calculate the total (water and surroundings) 
change in entropy for the process. 

State 1: Table F.7.2 Vj = 10.831 ft 3 /lbm, Uj = 1372.3 btu/lbm, 

Sj = 1.9453 Btu/lbm R 


State 2: T 2 & on line in P-v diagram. 

P = P 1 +(k s /A 2 yl )(V-V 1 ) 

Assume state 2 is two-phase, 

=> P 2 = P sat (T 2 ) = 0.3632 lbf/in 2 

v 2 = Vl + (P 2 - P])A^ yl /mk s = 10.831 + (0.3632 - 80)1x12/5x60 

= 7.6455 ft 3 /lbm = Vf + x 2 v f2 = 0.01605 + x 2 867.579 
x 2 = 0.008793, u 2 = 38.1 + 0.008793x995.64 = 46.85 btu/lbm, 
s 2 = 0.0746 + 0.008793x1.9896 = 0.0921 Btu/lbm R 

lW 2 = |(Pj +P 2 )m(v 2 - v : ) 

= §(80 + 0.3632)(7.6455 - 10.831)^| = -118.46 Btu 

lQ 2 = m(u 2 - u : ) + jW 2 = 5(46.85 - 1372.3) - 1 18.46 = -6746 Btu 
AS tot = Sgen tot = m(s 2 -s 1 )- iQ 2 /T 

room 

= 5(0.0921 - 1.9453) + 6746/529.67 = 3.47 Btu/R 
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6.245 

A cylinder with a linear spring-loaded piston contains carbon dioxide gas at 300 
lbf/in. 2 with a volume of 2 ft 3 . The device is of aluminum and has a mass of 8 
lbm. Everything (A1 and gas) is initially at 400 F. By heat transfer the whole 
system cools to the ambient temperature of 77 F, at which point the gas pressure is 
220 lbf/in. 2 . Find the total entropy generation for the process. 

Solution: 

C0 2 : m = Pj Vj/RTi = 300 x 2 x 144/(35.10 x 860) = 2.862 lbm 

V 2 = V^Pj/P^ (T 2 / Tj) = 2(300/220X537/860) = 1.703 ft 3 
lW 2 co 2 =/ PdV = 0.5(Pj + P 2 ) (V 2 - V!) 

= [(300 +220)/2] (1.703 - 2) -14.29 Btu 

1 Q 2 co 2 = mCvoC^-Tj) + JW 2 = 0.156X 2.862(77- 400)-14.29 = -158.5 Btu 

lQ 2 A1 = mC (T 2 -Tj) = 8 X 0.21(77 - 400) = -542.6 Btu 
System: CC>2 + A1 

Entropy Eq.: m C o 2 (s 2 - s , ) C q 2 + m AL (s 2 - s^al = iQ 2 /T 0 + 

Sgen tot 

jQ 2 = -542.6 - 158.5 = -701.14 Btu 
m C0 2 ( s 2 ' s l)c0 2 + m AL( s 2 ' s l)AL = 

2.862[0.201 In (537/860) - (35.10/778) In (220/300)] 

+ 8 x 0.21 ln(537/860) = -0.23086 - 0.79117 = -1.022 Btu/R 

Sgentot = m C0 2 ( s 2 ' s l)c0 2 + m AL( s 2 ' s i)aL“ lQ2 /T 0 

701.14 

= -1.022 + ^ = +0.2837 Btu/R 
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In-Text Concept Questions 
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7.a 

A reversible adiabatic flow of liquid water in a pump has increasing P. How about 
T? 

Solution: 

f e dq 

Steady state single flow: s e = Sj + j + s gen = Sj + 0 + 0 

J i 1 

Adiabatic (dq = 0) means integral vanishes and reversible means s gen = 0, 

so s is constant. Properties for liquid (incompressible) gives Eq.6.19 

C 

ds = ^ dT 

then constant s gives constant T. 
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7.b 

A reversible adiabatic flow of air in a compressor has increasing P. How about T? 
Solution: 

f e dq 

Steady state single flow: s e = Sj + j + s gen = Sj + 0 + 0 

so s is constant. Properties for an ideal gas gives Eq.6.15 and for constant 
specific heat we get Eq.6.16. A higher P means a higher T, which is also 
the case for a variable specific heat, recall Eq.6.19 using the standard entropy. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


A compressor receives R-134a at -10°C, 200 kPa with an exit of 1200 kPa, 50°C. 
What can you say about the process? 

Solution: 

Properties for R-134a are found in Table B.5 
Inlet state: Sj = 1.7328 kJ/kg K 

Exit state: s e = 1.7237 kJ/kg K 

fe dq 

Steady state single flow: s e = Sj + J j + s gen 

Since s decreases slightly and the generation term can only be positive, 
it must be that the heat transfer is negative (out) so the integral gives a 
contribution that is smaller than -s gen . 
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7.d 

A flow of water at some velocity out of a nozzle is used to wash a car. The water 
then falls to the ground. What happens to the water state in terms of V, T and s? 

let us follow the water flow. It starts out with kinetic and potential energy 
of some magnitude at a compressed liquid state P, T. As the water splashes onto 
the car it looses its kinetic energy (it turns in to internal energy so T goes up by a 
very small amount). As it drops to the ground it then looses all the potential 
energy which goes into internal energy. Both of theses processes are irreversible 
so s goes up. 

If the water has a temperature different from the ambient then there will 
also be some heat transfer to or from the water which will affect both T and s. 
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7.e 

In a steady state single flow s is either constant or it increases. Is that true? 
Solution: 

No. 

fe dq 

Steady state single flow: s e = Sj + J -j. + s gen 

Entropy can only go up or stay constant due to s gen , but it can go up or 

down due to the heat transfer which can be positive or negative. So if the 
heat transfer is large enough it can overpower any entropy generation and 
drive s up or down. 
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7.f 

If a flow device has the same inlet and exit pressure, can shaft work be done? 

The reversible work is given by Eq.7.14 

w = -l v dP + (Vf - Vf) + g (Zj - Z e ) 

For a constant pressure the first term drops out but the other two remains. 
Kinetic energy changes can give work out (windmill) and potential energy 
changes can give work out (a dam). 
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7.g 

A polytropic flow process with n = 0 might be which device? 

As the polytropic process is Pv 11 = C, then n = 0 is a constant pressure process. 
This can be a pipe flow, a heat exchanger flow (heater or cooler) or a boiler. 
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Concept Problems 
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7.1 

If we follow a mass element going through a reversible adiabatic flow process what 
can we say about the change of state? 

Following a mass (this is a control mass) 

de = dq - dw = 0 - Pdv = - Pdv; compression/expansion changes e 

ds = dq/T + ds gen = 0 + 0 => s = constant, isentropic process. 
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7.2 

Which process will make the statement in concept question e) on page 330 true? 
Solution: 

If the process is said to be adiabatic then: 

Steady state adiabatic single flow: s e = Sj + s gen > Sj 
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7.3 


A reversible process in a steady flow with 
negligible kinetic and potential energy 
changes is shown in the diagrams. Indicate 
the change h e - hj and transfers w and q as 

positive, zero or negative 


Ap 




dw = - v dP > 0 P drops so work is positive out. 

dq = T ds = 0 s is constant, and process reversible so adiabatic. 

h e -hj = q- w = 0- w<0 so enthalpy drops 
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7.4 


A reversible process in a steady flow of air 
with negligible kinetic and potential energy 
changes is shown in the diagrams. Indicate 
the change h e - hj and transfers w and q as 

positive, zero or negative 



dw = - v dP > 0 P drops so work is positive out. 

dq = T ds > 0 s is increasing and process reversible so q is positive. 

h e - hj = 0 as they are functions of T and thus the same. 
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A reversible steady isobaric flow has 1 kW of heat added with negligible changes 
in KE and PE, what is the work transfer? 

P = C: Shaft work Eq. 7.14: 

dw = - v dP + AKE + APE - T ds gen = 0 + 0 + 0- 0 = 0 
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7.6 

An air compressor has a significant heat transfer out. See example 9.4 for how 
high T becomes if there is no heat transfer. Is that good, or should it be insulated? 

That depends on the use of the compressed air. If there is no need for the 
high T, say it is used for compressed air tools, then the heat transfer will lower T 
and result in lower specific volume reducing the work. For those applications the 
compressor may have fins mounted on its surface to promote the heat transfer. In 
very high pressure compression it is done in stages between which is a heat 
exchanger called an intercooler. 



This is a small compressor 
driven by an electric motor. 
Used to charge air into car 
tires. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


7.7 

Friction in a pipe flow causes a slight pressure decrease and a slight temperature 
increase. How does that affect entropy? 

Solution: 

The friction converts flow work (P drops) into internal energy (T up if 
single phase). This is an irreversible process and s increases. 


If liquid: Eq. 6.10 

H 

U|H 

II 

GO 

T3 

so s follows T 

If ideal gas Eq. 6.14 

ds = C p j 

dP 

- R p (both terms increase) 
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7.8 

To increase the work out of a turbine for a given inlet and exit pressure how 
should the inlet state be changed? 


w = -JvdP+ Eq.7.14 

For a given change in pressure boosting v will result in larger work term. So for 
larger inlet T we get a larger v and thus larger work. That is why we increase T 
by combustion in a gasturbine before the turbine section. 
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7.9 

An irreversible adiabatic flow of liquid water in a pump has higher P. How about 
T? 

Solution: 

fe dq 

Steady state single flow: s e = Sj + j + s gen = Sj + 0 + s gen 

so s is increasing. Properties for liquid (incompressible) gives Eq.6.10 
where an increase in s gives an increase in T. 
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7.10 

The shaft work in a pump to increase the pressure is small compared to the shaft 
work in an air compressor for the same pressure increase. Why? 

The reversible work is given by Eq. 7.14 or 7.15 if reversible and no 
kinetic or potential energy changes 

w = -I v dP 

The liquid has a very small value for v compared to a large value for a gas. 
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7.11 

Liquid water is sprayed into the hot gases before they enter the turbine section of 
a large gasturbine power plant. It is claimed that the larger mass flow rate 
produces more work. Is that the reason? 

No. More mass through the turbine does give more work, but the added 
mass is only a few percent. As the liquid vaporizes the specific volume increases 
dramatically which gives a much larger volume flow throught the turbine and that 
gives more work output. 

W = mw = -ml v dP = -j mv dP = -J V dP 

This should be seen relative to the small work required to bring the liquid water 
up to the higher turbine inlet pressure from the source of water (presumably 
atmospheric pressure). 
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7.12 

A tank contains air at 400 kPa, 300 K and a valve opens up for flow out to the 
outside which is at 100 kPa, 300 K. What happens to the air temperature inside? 


As mass flows out of the tank the pressure will drop, the air that remains 
basically goes through a simple (adiabatic if process is fast enough) expansion 
process so the temperature also drops. If the flow rate out is very small and the 
process thus extremely slow, enough heat transfer may take place to keep the 
temperature constant. 
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Steady state reversible processes single flow 
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7.13 

A turbine receives steam at 6 MPa, 600°C with an exit pressure of 600 kPa. 
Assume the stage is adiabatic and negelect kinetic energies. Find the exit 
temperature and the specific work. 

Solution: 


C.V. Stage 1 of turbine. 

The stage is adiabatic so q = 0 and we will assume 
reversible so s gen = 0 

Energy Eq. 4. 13: w-j = hj - h e 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + 0 

Inlet state: B.1.3: hj = 3658.40 kJ/kg, Sj = 7.1676 kJ/kg K 
Exit state: 600 kPa, s = Sj 

Table B.1.3 => T = 246.7°C, h e = 2950.19 kJ/kg 
w T = 3658.4 - 2950.19 = 708.2 kJ/kg 
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7.14 

An evaporator has R-410A at -20°C and quality 80% flowing in with the exit flow 

being saturated vapor at -20°C. Consider the heating to be a reversible process 
and find the specific heat transfer from the entropy equation. 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + q/T + 0 

q = T (s e - Si) = T (s g - sj) 

Inlet: sj = 0.1154 + 0.9625 = 0.8854 kJ/kg-K 

Exit: s g = 1.0779 kJ/kg-K 

q = (273.15 - 20) K x (1.0779 - 0.8854) kJ/kgK = 48.73 kj/kg 
Remark: It fits with h e - hj = (1 - xj) h ig = 0.2 x 243.65 =48.73 kJ/kg 
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7.15 

Steam enters a turbine at 3 MPa, 450°C, expands in a reversible adiabatic process 
and exhausts at 50 kPa. Changes in kinetic and potential energies between the 
inlet and the exit of the turbine are small. The power output of the turbine is 800 
kW. What is the mass flow rate of steam through the turbine? 

Solution: 

C.V. Turbine, Steady single inlet and exit flows. Adiabatic: Q = 0. 
Continuity Eq.4. 11: ihj = m e = m, 

Energy Eq.4. 12: rhhj = mh e + Wp, 

Entropy Eq. 7.8: msj + 0 = ms e ( Reversible S gen = 0 ) 


Explanation for the 

work term is in Sect. 
7.3, Eq.7.14 


Ap 



At 



Inlet state: Table B. 1.3 hj = 3344 kJ/kg, Sj = 7.0833 kJ/kg K 
Exit state: P e , s e = Sj => Table B. 1.2 saturated as s e < s g 
x e = (7.0833 - 1.091)/6.5029 = 0.92148, 
h e = 340.47 + 0.92148 x 2305.40 = 2464.85 kJ/kg 

800 kW 

m = W-jAv t = W x /(hj - h e ) = 3344 . 2464 85 0^ = °- 91 k^ 8 
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7.16 

The exit nozzle in a jet engine receives air at 1200 K, 150 kPa with neglible 
kinetic energy. The exit pressure is 80 kPa and the process is reversible and 
adiabatic. Use constant heat capacity at 300 K to find the exit velocity. 

Solution: 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq. 4. 13: hj = h e + Vg/2 ( Zj = Z e ) 

Entropy Eq.7.9: s e = Sj + J dq/T + s gen = Sj + 0 + 0 

kJ 

Use constant specific heat from Table A. 5, C Po = 1.004 k = 1.4 

The isentropic process (s e = Sj) gives Eq.6.23 

k-l 

=> T e = Tj( P e /Pj) k = 1200 K (80/150) 0 2857 = 1002.7 K 


The energy equation becomes 



v s 
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7.17 

Do the previous problem using the air tables in A. 7 

The exit nozzle in a jet engine receives air at 1200 K, 150 kPa with neglible 
kinetic energy. The exit pressure is 80 kPa and the process is reversible and 
adiabatic. Use constant heat capacity at 300 K to find the exit velocity. 

Solution: 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq. 4. 13: Iq = h e + Vg/2 ( Z; = Z e ) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + 0 

Process: q = 0, s gen = 0 as used above leads to s e = Sj 

Inlet state: fq = 1277.8 kJ/kg, s^ = 8.3460 kJ/kg K 

The constant s is rewritten from Eq.6.19 as 

s° e = S j i + R ln(P e / Pi) = 8.3460 + 0.287 In (80/150) = 8.1656 kJ/kg K 
Interpolate in A. 7 => 

8.1656-8.1349 

T e - 1000 + 50 g jQQg _ g J349 - 1027.46 K 

8.1656-8.1349 

h e = 1046.2 + (1103.5 - 1046.3) x g 19Q8 _g 1349 = 1077.7 kJ/kg 

2 

From the energy equation we have V e /2 = hj - h e , so then 

V e = ^2 (hj - h e ) = ^2(1277.8 - 1077.7) kJ/kg x 1000 J/kJ = 632.6 m/s 
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7.18 

A reversible adiabatic compressor receives 0.05 kg/s saturated vapor R-410A at 
400 kPa and has an exit presure of 1800 kPa. Neglect kinetic energies and find the 
exit temperature and the minimum power needed to drive the unit. 

Solution: 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 

Continuity Eq.4. 11: ihj = m e = m, 

• • • 

Energy Eq.4. 12: mhj = mh e + W^, 

• • • 

Entropy Eq.7.8: msj + 0 = ms e ( Reversible S gen = 0 ) 

Inlet state: B 4.2.: hj = 271.90 kJ/kg, Sj = 1.0779 kJ/kg K 

Exit state: P e , s e = Sj => TableB.4.2 h e = 314.33 kJ/kg, T e = 51.9°C 
— w c = h e - ^ = 314.33 - 271.90 = 42.43 kJ/kg 

- W c = Power In - -w c m = 42.43 kJ/kg x 0.05kg/s = 2.12 kW 


Explanation for the 
work term is in Sect. 


7.3, Eq.7.14 
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7.19 

In a heat pump that uses R-134a as the working fluid, the R-134a enters the 
compressor at 150 kPa, -10°C and the R-134a is compressed in an adiabatic 
process to 1 MPa using 4 kW of power input. Find the mass flow rate it can 
provide assuming the process is reversible. 

Solution: 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 
Continuity Eq.4. 11: riq = m 2 = m, 

Energy Eq.4. 12: rhfq = rhh 2 + W^, 

Entropy Eq.7.8: msj + 0 = ms 2 ( Reversible S gen = 0 ) 

Inlet state: Table B.5.2 lq = 393.84 kJ/kg, sj = 1.7606 kJ/kg K 
Exit state: P 2 = 1 MPa & s 2 = Sj => h 2 = 434.9 kJ/kg 

m = W c /w c = W c /(hj - h 2 ) = -4 kW / (393.84 - 434.9) kJ/kg 

= 0.097 kg/s 


Explanation for the 
work term is in 
Sect. 7.3 
Eq.7.14 


Ap 



At 
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7.20 

Nitrogen gas flowing in a pipe at 500 kPa, 200°C, and at a velocity of 10 m/s, 
should be expanded in a nozzle to produce a velocity of 300 m/s. Determine the 
exit pressure and cross-sectional area of the nozzle if the mass flow rate is 0.15 
kg/s, and the expansion is reversible and adiabatic. 

Solution: 

C.V. Nozzle. Steady flow, no work out and no heat transfer. 

Energy Eq. 4. 13: hj + V-/2 = h e + V e /2 

Entropy Eq.7.9: Sj + f dq/T + s gen = Sj + 0 + 0 = s e 


Properties Ideal gas Table A. 5: 

Cpo = 1 .042 gj^, R = 0.2968 gj^r, k = 1 .40 

h e - hj = C Po (T e - Tj) = 1.042(T e - 473.2) = (10 2 - 300 2 )/(2xl000) 
Solving for exit T: T e = 430 K, 

Process: Sj = s e => For ideal gas expressed in Eq.6.23 

f 430 33.5 


P e = Pj(T e /Tj)k-i = 500 kPa 


473.2J 


= 357.6 kPa 


v e = RT e /P e = (0.2968 kJ/kg-K x 430 K)/357.6 kPa = 0.35689 nrVkg 


. 0.15 x 0.35689 (kg/s) (nTVkg) d r 

A e = mv e /V e = 300 — fc -= 1.78x10 m 
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7.21 

A reversible isothermal expander (a turbine with heat transfer) has an inlet flow of 

carbon dioxide at 3 MPa, 80°C and an exit flow at 1 MPa, 80°C. Find the specific 
heat transfer from the entropy equation and the specific work from the energy 
equation assuming ideal gas. 

CV the expander, control surface at 80°C. 

Energy Eq. 4. 13: 0 = hj-h e + q-w 

Entropy Eq.7.9: 0 = Sj - s e + j dq/T + s gen = Sj - s e + q/T + 0 

From entropy equation 

TP P 

q = T (s e - Sj) = T (C Po In - R ln-^ ) = - RT In 

x i r i r i 

= -0.1889 kJ/kg-K x 353.15 K x In | = 73.29 kj/kg 

From energy equation 

w = hj-h e + q = q = 73.29 kj/kg 
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7.22 

Solve the previous Problem using Table B.3 


Energy Eq.4.13: 
Entropy Eq.7.9: 
Inlet state: 

Exit state: 


0 = hj-h e + q- w 

0 = Sj - s e + j dq/T + s gen = Sj - s e + q/T + 0 
hj = 421.16 kJ/kg, s i= 1.5385 kJ/kg-K 
h e = 435.23 kJ/kg, s e = 1.775 kJ/kg-K 


From entropy equation 

q = T (s e - Sj) = 353.15 (1.775 - 1.5385) = 83.52 kJ/kg 
From energy equation 

w = hj - h e + q = 421.16 - 435.23 + 83.52 = 69.45 kJ/kg 
Remark: When it is not an ideal gas h is a fct. of both T and P. 
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7.23 

A compressor in a commercial refrigerator receives R-410A at -25°C and 

unknown quality. The exit is at 2000 kPa, 60°C and the process assumed 
reversible and adiabatic. Neglect kinetic energies and find the inlet quality and the 
specific work. 

CV Compressor, q = 0. 

Energy Eq. 4. 13: w c = hj - h e 

Entropy Eq.7.9: s e = Sj + J dq/T + s gen = Sj + 0 + 0 

Exit state: 2000 kPa, 60°C => s e = 1.0878 kJ/kgK = sj , h e = 320.62 kJ/kg 

Inlet state: T, s Table B.4.1 => xj = (1.0878 - 0.087 1)/1. 0022 = 0.9985 

hj = 21.08 + Xj 248.69 = 269.4 kJ/kg 

w c = 269.4 - 320.62 = -51.2 kJ/kg 
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7.24 

A boiler section boils 3 kg/s saturated liquid water at 2000 kPa to saturated vapor 
in a reversible constant pressure process. Assume you do not know that there is no 
work. Prove that there is no shaftwork using the first and second laws of 
thermodynamics . 

Solution: 

C.V. Boiler. Steady, single inlet and single exit flows. 

Energy Eq. 4. 13: hj + q = w + h e ; 

Entropy Eq.7.9: Sj + q/T = s e 

States: Table B. 1.2, T = T sat = 212.42°C = 485.57 K 

hj = h f = 908.77 kJ/kg, sj = 2.4473 kJ/kg K 

h e = h g = 2799.5 1 kJ/kg, s e = 6.3408 kJ/kg K 

From entropy equation 

q = T(s e - Sj) = 485.57 K (6.3408 - 2.4473) kJ/kg-K = 1890.6 kJ/kg 
From energy equation 

w = hj + q - h e = 908.77 + 1890.6 - 2799.51 = -0.1 kJ/kg 
It should be zero (non-zero due to round off in values of s, h and T sat ). 



Often it is a long pipe 
and not a chamber 
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7.25 

A compressor brings a hydrogen gas flow at 280 K, 100 kPa up to a pressure of 
1000 kPa in a reversible process. How hot is the exit flow and what is the specific 
work input? 

CV Compressor. Assume q = 0. 

Energy Eq.4.13: w c = hj - h e « C p (Tj - T e ) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + 0 

So constant s gives the power relation in Eq. 6.23 with k from A. 5 

( k- 1 )/k (1 ,409-l)/l .409 

T e = T i (P e /P i ) = 280 K (1000/100) = 546.3 K 

Now the work from the energy equation, C p from A. 5 

w c = 14.209 kJ/kg-K x (280 - 546.3) K = -3783.9 kj/kg 
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7.26 


Atmospheric air at -45°C, 60 kPa enters the front diffuser of a jet engine with a 

velocity of 900 km/h and frontal area of 1 m . After the adiabatic diffuser the 
velocity is 20 m/s. Find the diffuser exit temperature and the maximum pressure 
possible. 

Solution: 

C.V. Diffuser, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.4. 13: hj + V-/2 = h e + V £ /2, and h e - hj = C p (T e - Tj) 

Entropy Eq.7.9: Sj + j dq/T + s gen = Sj + 0 + 0 = s e (Reversible, adiabatic) 


Specific heat and ratio of specific heats from Table A. 5: C Po 

k = 1.4, the energy equation then gives: 


1.004 


kJ 

kg K’ 


1.004[ T e - (-45)] = 0.5 [(900x 1 000/3600) 2 - 20 2 ]/1000 = 31.05 kJ/kg 
=> T e = -14.05 °C = 259.1 K 


Constant s for an ideal gas is expressed in Eq.6.23 (we need the inverse 
relation here): 

k 

P e = Pi (T e /Ti)k-i = 60 kPa (259. 1/228. 1) 3 5 = 93.6 kPa 
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7.27 

A compressor is surrounded by cold R-134a so it works as an isothermal 
compressor. The inlet state is 0°C, 100 kPa and the exit state is saturated vapor. 
Find the specific heat transfer and specific work. 

Solution: 

C.V. Compressor. Steady, single inlet and single exit flows. 

Energy Eq. 4. 13: hj + q = w + h e ; 

Entropy Eq.7.9: Sj + q/T = s e 

Inlet state: Table B. 5. 2, hj = 403.4 kJ/kg, Sj = 1.8281 kJ/kg K 

Exit state: Table B. 5.1, h e = 398.36 kJ/kg, s e = 1.7262 kJ/kg K 

From entropy equation 

q = T(s e - Sj) = 273.15 K x (1.7262 - 1.8281) kJ/kg-K = - 27.83 kJ/kg 

From energy equation 

w = 403.4 + (-27.83) -3 

A 

Explanation for the 

work term is in Sect. 

7.3 

Eq. 7.14 L 


)8.36 = -22.8 kJ/kg 
P 



At 


V 
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7.28 

A flow of 2 kg/s saturated vapor R-410A at 500 kPa is heated at constant pressure 

to 60°C. The heat is supplied by a heat pump that receives heat from the ambient 
at 300 K and work input, shown in Fig. P7.28. Assume everything is reversible 
and find the rate of work input. 


Solution: 

C.V. Heat exchanger 

• • 

Continuity Eq.: mj = m 2 ; 

• • • 

Energy Eq.: lrqfq + Q H = 

Table B.4.2: 

h, = 274.33 kJ/kg, s j = 1 .0647 kJ/kg K 
h 2 = 342.32 kJ/kg, s 2 = 1 .2959 kJ/kg K 



Notice we can find Q H but the temperature T^ is not constant making it 
difficult to evaluate the COP of the heat pump. 


C.V. Total setup and assume everything is reversible and steady state. 


Energy Eq.: 


nijhj + Q L + W in = n^h,, 


Entropy Eq.: 

• • 



= m l T L 


• • • 

m l s i + Q l /T l + 0 = m 1 s 2 (T l is constant, Sg en = 0) 
[s 2 - Sj] = 2 kg/s x 300 K x [1. 2959 - 1.0647] kJ/kg-K 


= 138.72 kW 


W in = mi [h 2 - h : ] - Q L = 2 (342.32 - 274.33) - 138.72 = -2.74 kW 


Comment: Net work is nearly zero, due to the very low T the flow comes in at so 
the first heating of the flow actually generates work out and only the heating to 
above ambient T requires work input. 
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7.29 

A flow of 2 kg/s hot exhaust air at 150°C, 125 kPa supplies heat to a heat engine 
in a setup similar to the previous problem with the heat engine rejecting heat to 

the ambient at 290 K and the air leaves the heat exchanger at 50°C. Find the 
maximum possible power out of the heat engine. 

CV. Total setup. Assume everything is reversible. 

• • • • 

Energy Eq.: irijlij = Q L + W HE + n^fn, 

• • • 

Entropy Eq.: m J s 1 + 0 = Q L /T L + (T L is constant, Sg en = 0) 

Q l = nij T l (Sj - s 2 ) = 2 kg/s x 290 K x 1.004 kJ/kgK x ln(423/323) 

= 157 kW 

From the energy equation 

W HE = m i( h i - h 2 ) ~ Q l = m i C Po( T i - t 2 ) - Ql 

= 2 kg/s x 1.004 kJ/kgKx (150 - 50) K - 157 kW = 43.8 kW 
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7.30 

A diffuser is a steady-state device in which a fluid flowing at high velocity is 
decelerated such that the pressure increases in the process. Air at 120 kPa, 30°C 
enters a diffuser with velocity 200 m/s and exits with a velocity of 20 m/s. 
Assuming the process is reversible and adiabatic what are the exit pressure and 
temperature of the air? 


Solution: 

C.V. Diffuser, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq. 4. 13: hj + Vj72 = h e + Vg/2, => h e - hj = C Po (T e - Tj) 

Entropy Eq.7.9: Sj + J dq/T + s gen = Sj + 0 + 0 = s e (Reversible, adiabatic) 

kJ 

Use constant specific heat from Table A. 5, C Po = 1.004 j— j^, k = 1.4 
Energy equation then gives: 

C Po (T e - Tj) = 1.004(T e - 303.2) = (200 2 - 20 2 )/(2xl000) => T e = 322.9 K 

The isentropic process (s e = Sj) gives Eq.6.23 

k 

P e = Pi(T e /Tj)k-i = 120 kPa (322.9/303.2) 3 5 = 149.6 kPa 




Exit 



Low V 
Hi P, A 
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7.31 

Air enters a turbine at 800 kPa, 1200 K, and expands in a reversible adiabatic 
process to 100 kPa. Calculate the exit temperature and the specific work output 
using Table A.7 and repeat using constant specific heat from Table A. 5 

Solution: 



C.V. Air turbine. 

Adiabatic: q = 0, reversible: s gen = 0 
Energy Eq. 4. 13: w T = hj - h e , 

Entropy Eq.7.9: s e = Sj 


a) Table A.7: hj = 1211.8 kJ/kg, s xi = 8.34596 kJ/kg K 

The constant s process is written from Eq.6.19 as 

o o P e 61003 

=> s Xe = s xi + R ln( ^ 7 ) = 8.34596 + 0.287 ln^j = 7.7492 kJ/kg K 


Interpolate in A.7. 1 =^> T e = 706 K, h e = 719.9 kJ/kg 


w = hj - h e = 557.9 kJ/kg 



Table A.5: C Po = 1 .004 kJ/kg K, R = 0.287 kJ/kg K, k = 1.4, then 

from Eq.6.23 


k-l 


T e = Tj (Pg/Pj) k = 1200 K 


61QQ30.286 

I 800 j 


= 662.1 K 


w = C Po (Tj - T e ) = 1.004 kJ/kg-K (1200 - 662.1) K = 539.8 kJ/kg 
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7.32 

An expander receives 0.5 kg/s air at 2000 kPa, 300 K with an exit state of 400 
kPa, 300 K. Assume the process is reversible and isothermal. Find the rates of 
heat transfer and work neglecting kinetic and potential energy changes. 

Solution: 

C.V. Expander, single steady flow. 

• • • • 

Energy Eq.: mhj + Q = mh e + W 

• • • • 

Entropy Eq.: msj + Q/T + ms gen = ms e 

Process: T is constant and s gen = 0 

Ideal gas and isothermal gives a change in entropy by Eq. 6.15, so we can 
solve for the heat transfer 

P 

Q = Tm(s e - Sj) = -mRT In f 

m 

400 

= - 0.5 kg/s x 300 K x 0.287 kJ/kg-K x In 2 qqq = 69.3 kW 
From the energy equation we get 

W = m(hj - h e ) + Q = Q = 69.3 kW 
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7.33 

A highly cooled compressor brings a hydrogen gas flow at 300 K, 100 kPa up to a 
pressure of 800 kPa in an isothermal process. Find the specific work assuming a 
reversible process. 

CV Compressor. Isothermal Tj = T e so that ideal gas gives hj = h e . 

Energy Eq. 4. 13: w c = hj + q-h e = q 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + q/T + 0 

q = T(s e - sj) = T [-R ln(P e /Pj) ] 

w = q = - 4. 1243 kJ/kg-K x 300 K x ln(8) = -2573 kj/kg 
R is from Table A. 5. 
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7.34 

A compressor receives air at 290 K, 95 kPa and a shaft work of 5.5 kW from a 
gasoline engine. It should deliver a mass flow rate of 0.01 kg/s air to a pipeline. 
Find the maximum possible exit pressure of the compressor. 

Solution: 


C.V. Compressor, Steady single inlet and exit flows. Adiabatic: 


Q = 0. 


• • • 

Continuity Eq.4. 1 1 : = m e = m, 


Energy Eq.4. 12: 


mhj = mh e + W^, 


Entropy Eq.7.8: 


msi + S gen = ms e 


( Reversible S gen = 0 ) 


W c = mw c => -w c = -W/m = 5.5/0.01 = 550 kJ/kg 
Use constant specific heat from Table A. 5, C Po = 1.004 kJ/kgK, k = 1.4 
h e = hj + 550 => T e = T, + 550 kJ/kg /I .004 kJ/kgK 


T e = 290 + 550/1.004 = 837.81 K 

k 

Si = Sg => Pg = Pi (Tg/Ti)k-1 Eq.6.23 
P e = 95 kPa x (837.8 1/290) 3 5 = 3893 kPa 
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7.35 

A reversible steady state device receives a flow of 1 kg/s air at 400 K, 450 kPa 
and the air leaves at 600 K, 100 kPa. Heat transfer of 900 kW is added from a 
1000 K reservoir, 50 kW rejected at 350 K and some heat transfer takes place at 
500 K. Find the heat transferred at 500 K and the rate of work produced. 

Solution: 

C.V. Device, single inlet and exit flows. 


Energy equation, Eq.4.12: 

# • • • • • 

mlq + Q 3 - Q 4 + Q 5 = mh 2 + W 

Entropy equation with zero generation, 
Eq.7.8: 

ms ^ + Q 3 /T 3 - Q 4 /T 4 + Q 5 /T 5 = ms 2 



Solve for the unknown heat transfer using Table A. 7.1 and Eq. 6.19 for 
change in s 

• m . T5 . T5 . 

Q5 = t 5 [s 2 — Si] m + ^-Q 4 - T-Q 3 

a 4 x 3 


= 500 x 1 (7.5764 - 7. 1593 - 0.287 In 


100 

450 


= 424.4 + 71.4 - 450 = 45.8 kW 
Now the work from the energy equation is 

W = 1 x (401.3 - 607.3) + 900 - 50 + 45.8 = 689.8 kW 
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7.36 

A steam turbine in a powerplant receives 5 kg/s steam at 3000 kPa, 500°C. 20% 
of the flow is extracted at 1000 kPa to a feedwater heater and the remainder flows 
out at 200 kPa. Find the two exit temperatures and the turbine power output. 


C.V. Turbine. Steady flow and adiabatic q = 0. 
Continuity Eq.4.9: m^ = m 2 + m 3 ; 


Energy Eq.4.10: lTqlq = m 2 h 2 + m 3 h 3 + W 

• • • • 

Entropy Eq.7.7: + S gen = m 2 s 2 + m 3 s 3 



State 1: Iq = 3456 kJ/kg, sj = 7.234 kJ/kgK 

We also assume turbine is reversible S gen = 0 => S! = s 2 = s 3 
State 2: (P,s) T 2 = 330.6°C, h 2 = 3116 kJ/kg 
State 3: (P,s) T 3 = 140.7°C, h 3 = 2750 kJ/kg 

W = nqhj - m 2 h 2 - m 3 h 3 = 5 x 3456 - 1 x 31 16 - 4 x 2750 = 3164 kW 
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7.37 

A reversible adiabatic compression of an air flow from 20°C, 100 kPa to 200 kPa 
is followed by an expansion down to 100 kPa in an ideal nozzle. What are the two 
processes? How hot does the air get? What is the exit velocity? 

Solution: 



i 



Separate control volumes around 
compressor and nozzle. For ideal 
compressor we have 
inlet : 1 and exit : 2 

Adiabatic : q = 0. 

Reversible: s gen = 0 


Energy Eq.4. 13: fq + 0 = w c +h 2 ; h 2 = h 3 + yV 2 

Entropy Eq.7.9: Sj + 0/T + 0 = s 2 ; s 2 + 0/T = s 3 

So both processes are isentropic. 

-w c = h 2 -h 1 , s 2 = s! 

Properties Table A. 5 air: C Po = 1.004 kJ/kg K, R = 0.287 kJ/kg K, k = 1.4 

Process gives constant s (isentropic) which with constant C Po gives Eq.6.23 

k-1 

=> T 2 = Tj( P 2 /P ! ) k = 293.15 (200/100) 0 2857 = 357.4 K 
=> -w c = C Po (T 2 - Tj) = 1 .004 (357.4 - 293.2) = 64.457 kJ/kg 


The ideal nozzle then expands back down to P^ (constant s) so state 3 equals 
state 1. The energy equation has no work but ki netic energy and gives: 

1 2 

-V = h 2 - h] = -w c = 64 457 J/kg (remember conversion to J) 
=> V 3 = ^2 x 64 457 = 359 m/s 
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7.38 

A small turbine delivers 1.5 MW and is supplied with steam at 700°C, 2 MPa. 
The exhaust passes through a heat exchanger where the pressure is 10 kPa and 
exits as saturated liquid. The turbine is reversible and adiabatic. Find the specific 
turbine work, and the heat transfer in the heat exchanger. 

Solution: 



Entropy Eq.7.9: S 2 = + Sx gcn 

Inlet state: Table B. 1.3 hj = 3917.45 kJ/kg, sj = 7.9487 kJ/kg K 
Ideal turbine s T gcn = 0, s 2 = Sj = 7.9487 = s^ + x s fg2 
State 3: P = 10 kPa, s 2 < s g => saturated 2-phase in Table B. 1.2 
=> x 2;S = (Sj - S f 2 )/s fg2 = (7.9487 - 0.6492)/7.501 = 0.9731 
=> h 2 s = h G + x h fg2 = 191.8 + 0.9731x 2392.8 = 2520.35 kJ/kg 
w T,s = hj - h 2 s = 1397.05 kJ/kg 

m = W / w T s = 1500 / 1397 = 1.074 kg/s 
Heat exchanger: 

Energy Eq.4. 13: q = h 3 - h 2 , 

Entropy Eq.7.9: s 3 = s 2 + / dq/T + s He gen 

q = h 3 - h 2s = 191.83 - 2520.35 = -2328.5 kJ/kg 
Q = m q = 1.074 kg/s x (-2328.5) kJ/kg = - 2500 kW 


Explanation for the 
work term is in Sect. 
7.3, Eq.7.14 


Ap 



At 
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7.39 

One technique for operating a steam turbine in part-load power output is to 
throttle the steam to a lower pressure before it enters the turbine, as shown in Fig. 
P7.39. The steamline conditions are 2 MPa, 400°C, and the turbine exhaust 
pressure is fixed at 10 kPa. Assuming the expansion inside the turbine is 
reversible and adiabatic, determine the specific turbine work for no throttling and 
the specific turbine work (part-load) if it is throttled to 500 kPa. Show both 
processes in a T-s diagram. 

C.V Turbine. Full load reversible and adiabatic 
Entropy Eq.7.9 reduces to constant s so from Table B.1.3 and B.1.2 
s 3 = sj = 7.1270 = 0.6492 + x 3a x 7.5010 
=> x 3a = 0.86359 

h 3a = 191.81 +0.86359 x 2392.82 = 2258.2 kJ/kg 

Energy Eq.4.13 for turbine 

!W 3a = hj - h 3a = 3247.6 - 2258.2 = 989.4 kJ/kg 

The energy equation for the part load operation gives the exit h. Notice that 
we have constant h in the throttle process, h 2 = hj : 

2b: P, h 2b = hj = 3247.6 kJ/kg => s 2b = 7.7563 kJ/kgK 

3b: P, s = s 2b = 7.7563 => x 3b = (7.7563 - 0.6492)/7.501 = 0.9475 

h 3b = 191.81 + x 3b x 2392.82 = 2459.0 kJ/kg 


w x = 3247.6 - 2459.0 = 788.6 kJ/kg 
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7.40 

An adiabatic air turbine receives 1 kg/s air at 1500 K, 1.6 MPa and 2 kg/s air at 
400 kPa, T 2 in a setup similar to Fig. P4.87 with an exit flow at 100 kPa. What 

should the temperature T 2 be so the whole process can be reversible? 

The process is reversible if we do not generate any entropy. Physically in this 
problem it means that state 2 must match the state inside the turbine so we do not 
mix fluid at two different temperatures (we assume the pressure inside is exactly 
400 kPa). 

For this reason let us select the front end as C.V. and consider the flow 
from state 1 to the 400 kPa. This is a single flow 

Entropy Eq.7.9: Sj + 0/T + 0 = s 2 ; 

Property Eq.6.19 s 2 - Sj = 0 = s^ 2 - - R ln(P 2 / Pj) 

o o / 400 

s T2 = s T1 + R ln(P 2 / P : ) = 8.61208 + 0.287 In = 8.2142 kJ/kg-K 

From A.7.1: T 2 = 1071.8 K 

If we solve with constant specific heats we get from Eq.6.23 and k = 1.4 

T 2 = T l ( p 2 / p 1 ) (k_,yk = 1500 K (400/1600) 0 ' 2857 = 1009.4 K 
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7.41 

A turbo charger boosts the inlet air pressure to an automobile engine. It consists 
of an exhaust gas driven turbine directly connected to an air compressor, as shown 
in Fig. P7.41. For a certain engine load the conditions are given in the figure. 
Assume that both the turbine and the compressor are reversible and adiabatic 
having also the same mass flow rate. Calculate the turbine exit temperature and 
power output. Find also the compressor exit pressure and temperature. 

Solution: 


CV: Turbine, Steady single inlet and exit flows, 


Process: adiabatic: q = 0, 

reversible: s gen = 0 

EnergyEq.4. 13: w T = h 3 - h 4 , 

Entropy Eq.7.8: s 4 = s 3 



The property relation for ideal gas gives Eq.6.23, k from Table A. 5 


k-1 


fl 0030.286 


.170/ 


= 793.2 K 


s 4 = s 3 -> T 4 = T 3 (P 4 /P 3 ) k = 923.2 K 

The energy equation is evaluated with specific heat from Table A. 5 
w T = h 3 - h 4 = C po (T 3 - T 4 ) = 1.004(923.2 - 793.2) = 130.5 kJ/kg 


W-| = mwj = 13.05 kW 


C.V. Compressor, steady 1 inlet and 1 exit, same flow rate as turbine. 
Energy Eq.4.13: -w c = h 2 - Iq , 

Entropy Eq.7. 9: s 2 = si 

Express the energy equation for the shaft and compressor having the turbine 
power as input with the same mass flow rate so we get 


-w c = w x = 130.5 kJ/kg = C P0 (T 2 - T x ) = 1.004(T 2 - 303.2) 

T 2 = 433.2 K 


The property relation for s 2 = S] is Eq.6.23 and inverted as 


_k_ 

p 2 = Pjcr/r^-i 


100 kPa 


f 433 . 2 ' 
303 . 2 ) 


3.5 


= 348.7 kPa 
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7.42 


Two flows of air both at 200 kPa, one has 3 kg/s at 400 K and the other has 2 kg/s 
at 290 K. The two lines exchange energy through a number of ideal heat engines 
taking energy from the hot line and rejecting it to the colder line. The two flows 
then leave at the same temperature. Assume the whole setup is reversible and find 
the exit temperature and the total power out of the heat engines. 


Solution: 



C.V. Total setup 


Energy Eq.4.10: 


irqfq + rii 2 h 2 = irqh 3 + rii 2 h 4 + W X q X 


Entropy Eq.7.7: 


m^j + m 2 S 2 + Sg en + 1 dQ/T = m 1 s 3 + m 2 S 4 


• • 

Process: Reversible S gen = 0 Adiabatic Q = 0 

Assume the exit flow has the same pressure as the inlet flow then the pressure 
part of the entropy cancels out and we have 

Exit same T, P => h 3 = h 4 = h e ; s 3 = S 4 = s e 


m^hi + m2h2 — m X Q X h e + W X q X 


misj + m 2 s 2 = m xox s e 


n mi n m 2 n 3 ? 

s Xe = 2 s xl + 2 s X2 = tx 7.1593 +tx 6.8352 = 7.02966 kJ/kgK 

m X oT ^TOT 

Table A.7: => T e = 351.98 K; h e = 352.78 kJ/kg 


W'l’o t - m i(hi - h e ) + m 2 (h 2 - h e ) 

= 3(401.3 - 352.78) + 2(290.43 - 352.78) =20.86 kW 

Note: The solution using constant heat capacity writes the entropy equation 
using Eq.6.16, the pressure terms cancel out so we get 

| C p ln(T c /T 1 ) + 1 C p ln(T e /T 2 ) = 0 => lnT e = (31nT, + 2 lnT 2 )/5 
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7.43 

A flow of 5 kg/s water at 100 kPa, 20°C should be delivered as steam at 1000 

kPa, 350°C to some application. We have a heat source at constant 500°C. If the 
process should be reversible how much heat transfer should we have? 


CV Around unknown device out to the source surface. 


Energy Eq.: mhj + Q = mh e + W 

• • • 

Entropy Eq.: msj + Q/T s + 0 = ms e 


(T s is constant, 



Inlet state: Sj = 0.2966 kJ/kgK, Table B. 1.1 

Exit state: s e = 7.301 kJ/kgK, Table B.1.3 


Q = m T s (s e - s) = 5 kg/s x 773.15 K x (7.301 - 0.2966) kJ/kg-K 

= 27.1 MW 

The theory does not say exactly how to do it. As the pressure goes up we must 
have a pump or compressor and since the substance temperature is lower than the 
source temperature a reversible heat transfer must happen through some kind of 
heat engine receiving a Q from the source and delivering it to the flow extracting 
some work in the process. 
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A heat-powered portable air compressor consists of three components: (a) an 
adiabatic compressor; (b) a constant pressure heater (heat supplied from an outside 
source); and (c) an adiabatic turbine. Ambient air enters the compressor at 100 kPa, 
300 K, and is compressed to 600 kPa. All of the power from the turbine goes into 
the compressor, and the turbine exhaust is the supply of compressed air. If this 
pressure is required to be 200 kPa, what must the temperature be at the exit of the 
heater? 

Solution: 



P 2 = 600 kPa, P 4 = 200 kPa 
Adiabatic and reversible compressor: 

Process: q = 0 and s gen = 0 

Energy Eq. 4. 13: h-w = h 2 

c 

Entropy Eq.7.8: s 2 = Sj 


For constant specific heat the isentropic relation becomes Eq.8.23 

fP ^ 1 

T 2 = Ti 


V P V 


k = 300 K (6) 0 ' 2857 = 500.8 K 


-w c = Cp 0 (T 2 - Tj) = 1.004(500.8 - 300) = 201.5 kJ/kg 
Adiabatic and reversible turbine: q = 0 and s gen = 0 

Energy Eq. 4. 13: h 3 = w T + h 4 ; Entropy Eq.7.8: s 4 = s 3 

For constant specific heat the isentropic relation becomes Eq.6.23 


k-1 


0.2857 


T 4 = T 3 (P 4 /P 3 ) k = T 3 (200/600) = 0.7304 T 3 


Energy Eq. for shaft: -w c = w T = Cp Q (T 3 - T 4 ) 

201 .5 kJ/kg = 1 .004 kJ/kgK x T 3 (l - 0.7304) => T 3 = 744.4 K 
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A two- stage compressor having an interstage cooler takes in air, 300 K, 100 kPa, 
and compresses it to 2 MPa, as shown in Fig. P7.46. The cooler then cools the air 
to 340 K, after which it enters the second stage, which has an exit pressure of 15 
MPa. Both stages are adiabatic, and reversible. Find q in the cooler, total specific 
work, and compare this to the work required with no intercooler. 

Solution: 



C.V.: Stage 1 air, Steady flow 

Process: adibatic: q = 0, reversible: s gen = 0 

Energy Eq. 4. 13: -WQ^l^-Iq, Entropy Eq.7. 8: S 2 = S! 

Assume constant C P0 = 1.004 from A. 5 and isentropic leads to Eq.6.23 

k-1 

— 0.286 

t 2 = T i( p 2 /p l) k =300(2000/100) = 706.7 K 

w C i = hj - h 2 = C P0 (T i - T 2 ) = 1.004 kJ/kgKx (300 - 706.7) K 

= -408.3 kj/kg 

C.V. Intercooler, no work and no changes in kinetic or potential energy. 
023 = h 3 - h 2 = C P0 (T 3 - T 2 ) = 1.004(340 - 706.7) = -368.2 kj/kg 


C.V. Stage 2. Analysis the same as stage 1. So from Eq.6.23 

k-1 

— 0.286 

T 4 = T 3 (P 4 /P 3 ) k = 340 K (15/2) = 604.6 K 

w C2 = h 3 - h 4 = C P0 (T 3 - T 4 ) = 1.004(340 - 604.6) = -265.7 kj/kg 
Same flow rate through both stages so the total work is the sum of the two 
w comp = w ci + W C2 = -408.3 - 265.7 = -682.8 kj/kg 
For no intercooler (P 2 = 15.74 MPa) same analysis as stage 1. So Eq.6.23 

0.286 

T 2 = 300 K (15000/100) = 1255.6 K 

Wcomp = 1-004 kJ/kg-K (300 - 1255.6) K = -959.4 kj/kg 
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7.46 

A certain industrial process requires a steady supply of saturated vapor steam at 
200 kPa, at a rate of 0.5 kg/s. Also required is a steady supply of compressed air 
at 500 kPa, at a rate of 0.1 kg/s. Both are to be supplied by the process shown in 
Fig. P7.46. Steam is expanded in a turbine to supply the power needed to drive the 
air compressor, and the exhaust steam exits the turbine at the desired state. Air 
into the compressor is at the ambient conditions, 100 kPa, 20°C. Give the required 
steam inlet pressure and temperature, assuming that both the turbine and the 
compressor are reversible and adiabatic. 

Solution: 

C.V. Each device. Steady flow. 

Both adiabatic (q = 0) and 

reversible (s gen = 0). 

2 

Steam turbine Air compressor 



k-l 


100J 


Compressor: s 4 = S3 => T 4 = T3(P 4 /P 3 ) k = 293.2 K 


0.286 


= 464.6 K 


W c = m 3 (h 3 -h 4 ) = 0.1 kg/s x 1.004 kJ/kg-K (293.2 - 464.6) K = -17.2 kW 


Turbine: Energy: Wy = +17.2 kW = m 1 (h ] - 112); Entropy: S2 = S] 


Table B. 1.2: P 2 = 200 kPa, x 2 = 1 => 

h 2 = 2706.6 kJ/kg, s 2 = 7.1271 kJ/kgK 

hj = 2706.6 + 17.2/0.5 = 2741.0 kJ/kg 
Sl =s 2 = 7.1271 kJ/kg K, 

300 kPa: s = S2 => h = 2783.0 kJ/kg 
Interpolate between the 200 and 300 kPa 

2741 - 2706.63 
P - 200 + (300 - 200) 2783.0 - 2706.63 

T= 120.23 + (160.55 - 120.23) 

If you use the software you get: 



= 245 kPa 


2741 - 2706.63 _ 

2783.0 - 2706.63 “ 138,4 ° C 

At h b sj -> Pj = 242 kPa,Tj = 138.3°C 
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7.47 

A certain industrial process requires a steady 0.75 kg/s supply of compressed air 
at 500 kPa, at a maximum temperature of 30°C. This air is to be supplied by 
installing a compressor and aftercooler. Local ambient conditions are 100 kPa, 
20°C. Using an reversible compressor, determine the power required to drive the 
compressor and the rate of heat rejection in the aftercooler. 

Solution: 

Air Table A.5: R = 0.287 kJ/kg-K, C p = 1.004 kJ/kg K, k = 1.4 

State 1: T x = T 0 = 20°C, Pi = P G = 100 kPa, m = 0.5 kg/s 
State 2: P 2 = P 3 = 500 kPa 
State 3: T 3 = 30°C, P 3 = 500 kPa 

Compressor: Assume Isentropic (adiabatic q = 0 and reversible s gen = 0 ) From 

entropy equation Eq.7.9 this gives constant s which is expressed for an ideal gas 
in Eq.6.23 

k-1 

T 2 = T x (P 2 /Pi) k = 293.15 K (500/100) 0 ' 2857 = 464.6 K 
Energy Eq.4. 13: q c + h^=h 2 + w c ; q c = 0, 

assume constant specific heat from Table A.5 

w c = CpCTi - T 2 ) = 1.004 kJ/kgK (293.15 - 464.6) K = -172.0 kJ/kg 


Wq = mw(; = -129 kW 

Aftercooler Energy Eq.4. 13: q + h 2 = h 3 + w; w = 0, 

assume constant specific heat 

Q = mq = mC p (T 3 - T 2 ) = 0.75 kg/s xl.004 kJ/kg-K (303.15 - 464.6) K 

= -121.6 kW 


1 

-1— ► 



Compressor 

w c 




Compressor section Aftercooler section 
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7.48 


Consider a steam turbine power plant operating near critical pressure, as shown in 
Fig. P7.48. As a first approximation, it may be assumed that the turbine and the 
pump processes are reversible and adiabatic. Neglecting any changes in ki netic 
and potential energies, calculate 

a. The specific turbine work output and the turbine exit state 

b. The pump work input and enthalpy at the pump exit state 

c. The thermal efficiency of the cycle 

Solution: 




Pj = P 4 = 20 MPa 
T : = 700 °C 
P 2 = P 3 = 20 kPa 
T 3 = 40 °C 


a) State 1: (P, T) Table B.1.3 h, = 3809.1 kJ/kg, s 2 = 6.7993 kJ/kg K 
C.V. Turbine. 

Entropy Eq.7.9: s 2 = Sj = 6.7993 kJ/kg K 

Table B. 1.2 s 2 = 0.8319 + x 2 x 7.0766 => x 2 = 0.8433 


h 2 = 251.4 + 0.8433x 2358.33 = 2240.1 

Energy Eq.4. 13: w T = hj - h 2 = 1569 kJ/kg 

b) State 3: (P, T) Compressed liquid, take sat. liq. Table B.1.1 

h 3 =167.5 kJ/kg, v 3 = 0.001008 m 3 /kg 
Property relation v = constant gives work from Eq.7.15 as 
w P = - v 3 ( P 4 - P 3 ) = -0.001008(20000 - 20) = -20.1 kJ/kg 


h 4 = h 3 - w P = 167.5 + 20.1 = 187.6 kJ/kg 


c) The heat transfer in the boiler is from energy Eq.4. 13 
Oboiier = hj - h 4 = 3809.1 - 187.6 = 3621.5 kJ/kg 


W net = 1569-20.1 = 1548.9 

_ 1548.9 

^TH — w net'Qboiler — 3621 5 ” 


kJ/kg 

0.428 
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Transient processes 
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7.49 

2 

A 10 m tall, 2 m“ cross sectional area water tank is on a tower so the bottom is 5 
m up from ground level and the top is open to the atmosphere. It is initially empty 

and then filled by a pump taking water at ambient T = 17°C, 100 kPa from a small 
pond at ground level. Assume the process is reversible and find the total pump 
work. 

CV Pump, pipe and water tank. 

In this problem there clearly is a potential energy change but we will neglect any 
kinetic energy. Pressure of the water in and pressure in the tank is the same P G , 

which is the pressure where the volume (water surface) expands in the tank. 
Continuity Eq. 4. 15: m 2 - 0 = m in 

Energy Eq.4. 16: m 2 (u 2 + gZ 2 ) -0 = 0- ,W 2atm + m in (h in + gZ in ) + W pump 

Entropy Eq.7.13: m 2 s 2 - 0 = JdQ/T + ,S 2 gen + m in s in = m in s in 

Process: Adiabatic jQ 2 = 0 , Process ideal iS 2gcn = 0, s 2 = s in and Z in = 0 

From the entropy we conclude the T stays the same, recall Eq.6.11 and the work 
to the atmosphere is 

1 W 2 atm = P o ( V 2 - 0) = m 2 P 2 v 2 

So this will cancel the the incoming flow work included in m in h in . The energy 
equation becomes with Z in = 0 

m 2 (u 2 + gZ 2 ) = - m 2 P 2 v 2 + m in (u in + P in v in ) + W pump 

and then since state 2: P G , T in and state in: P 0 , T in then u 2 = u in . Left is 

m 2g Z 2 = W pump 

The final elevation is the average elevation for the mass Z 2 = 5m + 5m = 10m. 

W pump = m 2§ z 2 

= 997 kg/m 3 x (10 x 2) m 3 x 9.807 m/s 2 x 10 m 
= 1 955 516 J = 1 955.5 kj 
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7.50 

Air in a tank is at 300 kPa, 400 K with a volume of 2 m . A valve on the tank is 
opened to let some air escape to the ambient to a final pressure inside of 200 kPa 
Find the final temperature and mass assuming a reversible adiabatic process for 
the air remaining inside the tank. 

Solution: 

C.V. Total tank. 

Continuity Eq.4. 15: m 2 - lrq = -m ex 

Energy Eq.4. 16: m 2 u 2 - m,u, = -m ex h ex + ,Q 2 - ,W 2 

Entropy Eq.7.12: m 2 s 2 - m^ = -m ex s ex + I dQ/T + 2 S 2 gen 

Process: Adiabatic [Q 2 = 0; rigid tank ] W 2 = 0 

This has too many unknowns (we do not know state 2). 

C.V. m 2 the mass that remains in the tank. This is a control mass. 

Energy Eq.3.5: m 2 (u 2 - uQ = 2 Q 2 - ,W 2 

Entropy Eq.6.14: m 2 (s 2 - sQ = J dQ/T + : S 2 gen 

Process: Adiabatic ]Q 2 = 0; Reversible iS 2gen = 0 


s 2 = si 


Ideal gas and process Eq.6.23 



fPo3 


= Ti 
P 2 V 


v p c 



k-l 

k = 400 K (200/300) 0 ' 2857 = 356.25 K 

200x 2 kPam 3 
= 0.287 x 356.25 (kJ/kg-K) xK" 3,912 kg 


Notice that the work term is not zero 
for mass m 2 . The work goes into 

pushing the mass m ex out. 
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7.51 

A 0.5 m tank contains carbon dioxide at 300 K, 150 kPa is now filled from a 
supply of carbon dioxide at 300 K, 150 kPa by a compressor to a final tank 
pressure of 450 kPa. Assume the whole process is adiabatic and reversible. Find 
the final mass and temperature in the tank and the required work to the 
compressor. 

C.V. The tank and the compressor. 

Continuity Eq.4.15: m 2 - mj = m in 

Energy Eq.4.16: m 2 u 2 - m,u, = : Q 2 - : W 2 + m in h in 

Entropy Eq.7.13: m 2 s 2 - = JdQ/T + ,S 2 gen + m in s in 

Process: Adiabatic jQ 2 = 0 , Process ideal l S 2 gen = 0 > s l = s in 

=> m 2 s 2 = m l s l + m in s in = ( m l + m in) s l = m 2 s l => S 2 = Si 

Constant s so since the temperatures are modest use Eq.6.23 

k-1 

k = 300 K (450/150) 0 ' 2242 = 383.79 K 

„ w 150 kPa x 0,5 m 3 

m l - p i V i/RT] - Q 18g9 kJ/kg _ Kx 300 K - 1-3235 kg 

m 2 = P 2 V 2 /RT 2 = 450 kPa x 0.5 m 3 /(0.1889 x 383.79) kJ/kg = 3.1035 kg 

=^> m in = 1.78 kg 

1 W 2 = m in h in + m l u l - m 2 u 2 = m in RT in + m K U l “ U ,n) ' m 2 ( U 2 "U in ) 

= 1.78 (0.1889 X 300) + m, (0) - 3.1035 x 0.653 (383.79 -300) 

= -68.93 kj (work must come in) 
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7.52 

A tank contains 1 kg of carbon dioxide at 6 MPa, 60°C and it is connected to a 
turbine with an exhaust at 1000 kPa. The carbon dioxide flows out of the tank and 
through the turbine to a final state in the tank of saturated vapor is reached. If the 
process is adiabatic and reversible find the final mass in the tank and the turbine 
work output. 

C.V. The tank and turbine. This is a transient problem. 

Continuity Eq.4. 15: m 2 - irq = -m ex 

Energy Eq.4. 16: m 2 u 2 - m , u , = -m ex h ex + ,Q 2 - ,W 2 

Entropy Eq.7. 12: m 2 s 2 - m^ = -m ex s ex + J dQ/T + 2 S 2 gen 

Process: Adiabatic |Q 2 = 0; reversible iS 2gen = 0 

State 1: Vj = 0.00801 m 3 /kg, Uj = 322.51 kJ/kg, Sj = 1.2789 kJ/kg-K 

State 2: Sat. vapor, 1 property missing 

C.V. m 2 the mass that remains in the tank. This is a control mass. 

Process: Adiabatic iQ 2 = 0; Reversible iS 2gen = 0 

Entropy Eq.6.14: m 2 (s 2 - Sj) = J dQ/T + ]S 2 gen = 0 + 0 

=> s 2 = s i this is the missing property. 

State 2: T 2 = -19.19°C, v 2 = 0.018851 m 3 /kg, u 2 = 285.87 kJ/kg 

State exit: s ex = s 2 = Sj follows from entropy Eq. for first C.V. with the use 
of the continuity equation. Use 1004.5 kPa for -40°C. 
x ex = (1.2789 -0)/1.3829 = 0.924796 => h ex = 298.17 kJ/kg 

Tank volume constant so V = m^vj = m 2 v 2 

m 2 = m : vj / v 2 = 1 kg x 0.00801 / 0.018851 = 0.4249 kg 

From energy eq. 

tW 2 = m lUl - m 2 u 2 - m ex h ex 

= 1 x 322.51 -0.4249 x 285.87-0.5751 x 298.17 [kg kJ/kg] 

= 29.57 kj 
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7.53 

Air in a tank is at 300 kPa, 400 K with a volume of 2 m . A valve on the tank is 
opened to let some air escape to the ambient to a final pressure inside of 200 kPa. 
At the same time the tank is heated so the air remaining has a constant 
temperature. What is the mass average value of the s leaving assuming this is an 
internally reversible process? 

Solution: 

C.V. Tank, emptying process with heat transfer. 

Continuity Eq.4.15: m 2 " m l = -m e 

Energy Eq.4.16: m 2 u 2 - m^ = -m e h e + : Q 2 

Entropy Eq.7.13: m 2 s 2 - m^j = -m e s e + iQ 2 /T + 0 

Process: T 2 = Tj => iQ 2 inat400K 

Reversible iS 2 gen = 0 

State 1: Ideal gas m, = PjV/RTj = 300 x 2/0.287 x 400 = 5.2265 kg 
State 2: 200 kPa, 400 K 

m 2 = P 2 V/RT 2 = 200 kPa x 2 m 3 /(0.287 x 400) kJ/kg = 3.4843 kg 
=> m e = 1.7422 kg 
From the energy equation: 

1Q2 = m 2 u 2 - m l u l + m e h e 

= 3.4843 X 286.49 - 5.2265 x 286.49 + 1.7422 x 401.3 
= 1.7422 kg (401.3 - 286.49) kJ/kg = 200 kJ 

m e s e = m l s r m 2 s 2 + lQ2 /T 

= 5.2265[7. 15926 - 0.287 In (300/100)] - 3.4843[7. 15926 
- 0.287 In (200/100)] + (200/400) 
m e s e = 35.770 - 24.252 + 0.5 = 12.018 kJ/K 

s e = 12.018/1.7422 = 6.89817 = 6.8982 kJ/kg K 

Note that the exit state e in this process is for the air before it is throttled 
across the discharge valve. The throttling process from the tank pressure to 
ambient pressure is a highly irreversible process. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


7.54 

An insulated 2 m tank is to be charged with R-134a from a line flowing the 
refrigerant at 3 MPa. The tank is initially evacuated, and the valve is closed when 
the pressure inside the tank reaches 2 MPa. The line is supplied by an insulated 
compressor that takes in R-134a at 5°C, quality of 96.5 %, and compresses it to 3 
MPa in a reversible process. Calculate the total work input to the compressor to 
charge the tank. 

Solution: 

C.V.: Compressor, R-134a. Steady 1 inlet and 1 exit flow, no heat transfer. 
Energy Eq. 4. 13: q c + fq = hj = h 2 + w c 

Entropy Eq.7.9: Sj + j dq/T + s gen = s^ + 0 = s 2 

inlet: Tj = 5°C, x 1 = 0.965 use Table B.5.1 

sj = s f + xjs fg = 1.0243 + 0.965x0.6995 = 1.6993 kJ/kg K, 
hj =h f + x 1 h fg = 206.75 +0.965x194.57 = 394.51 kJ/kg 
exit: P 2 = 3 MPa 

From the entropy eq.: s 2 = Sj = 1.6993 kJ/kg K; 

T 2 = 90°C, h 2 = 436.19 kJ/kg 
w c = fq - h 2 = -41.68 kJ/kg 

C.V.: Tank; V x = 2 m 3 , P x = 2 MPa 

Energy Eq.4.16: Q + nqlij = 1113 ^ - lrqu^ + m e h e + W; 

Process and states have: Q = 0, W = 0, m e = 0, mj = 0, m 3 = irq 

Final state: P 3 = 2 MPa, u 3 = lq = h 2 = 436.19 kJ/kg, 

-» T 3 = 90°C, v 3 = 0.01 137 m 3 /kg, s 3 = 1.785 kJ/kgK 
m 3 = V x /v 3 = 2/0.01137 = 175.9 kg; 

The work term is from the specific compressor work and the total mass 
-W c = m x (-w c ) = 7 331 kj 

Comment: The filling process is not reversible note S 3 > s 2 
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7.55 

An underground salt mine, 100 000 m in volume, contains air at 290 K, 100 kPa. 
The mine is used for energy storage so the local power plant pumps it up to 2.1 
MPa using outside air at 290 K, 100 kPa. Assume the pump is ideal and the 
process is adiabatic. Find the final mass and temperature of the air and the 
required pump work. 

Solution: 

C.V. The mine volume and the pump 

Continuity Eq.4.15: m 2 " m l = m in 

Energy Eq.4.16: m 2 u 2 - m,u, = : Q 2 - : W 2 + m in h in 

Entropy Eq.7.13: m 2 s 2 - m^ = JdQ/T + jS 2 gen + m in s in 

Process: Adiabatic jQ 2 = 0 , Process ideal i S 2 g e n = 0 > s l = s in 

=> m 2 s 2 = m l s l + m in s in = ( m l + m in) s l = m 2 s l => S 2 = Si 

Constant s => Eq.8.19 Sj 2 = s ^ + R ln(P 2 / P in ) 


s^ 2 = 6.83521 + 0.287 ln( 21 ) = 7.7090 kJ/kg K 
A.7 => T 2 = 680 K , u 2 = 496.94 kJ/kg 


lOOkPaxlO 5 m 3 


m l P l V l /RT l 0.287 kJ/kg-Kx 290 K L20149 x 10 k § 

P 2 V 2 /RT 2 = 100 kPa x 21xl0 5 m 3 /(0.287 x 680) kJ/kg = 10.760 x 10 5 kg 

=> m in = 9.5585x10 s kg 

l w 2 = m in h in + m 1 u 1 - m 2 u 2 

= m in (290.43) + m 1 (207.19) - m 2 (496.94) = -2.322 x 10 8 kj 
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7.56 

R-410A at 120°C, 4 MPa is in an insulated tank and flow is now allowed out to a 
turbine with a backup pressure of 800 kPa. The flow continue to a final tank 
pressure of 800 kPa and the process stops. If the initial mass was 1 kg how much 
mass is left in the tank and what is the turbine work assuming a reversible 
process? 

Solution: 

C.V. Total tank and turbine. 

Continuity Eq.4. 15: m 2 - m | = -m ex 

Energy Eq.4. 16: m 2 u 2 - mjUj = -m ex h ex + ,Q 2 - ,W 2 

Entropy Eq.7.12: m 2 s 2 - m,s, = -m ex s ex + I dQ/T + : S 2 gen 

Process: Adiabatic iQ 2 = 0; Reversible iS 2gen = 0 

This has too many unknowns (we do not know state 2 only P 2 ). 

C.V. m 2 the mass that remains in the tank. This is a control mass. 

Entropy Eq.7.3 (6.37): m 2 (s 2 - Sj) = J dQ/T + ]S 2 gen 

Process: Adiabatic iQ 2 = 0; Reversible iS 2gen = 0 

=> s 2 = S 1 

State 1: vj = 0.00897 m 3 /kg, uj = 331.39 kJ/kg, sj = 1.1529 kJ/kg-K 

State 2 (P,s): T 2 = 33.23°C, v 2 = 0.37182 m 3 /kg, u 2 = 281.29 kJ/kg 

State exit: s ex = s 2 = S| follows from entropy Eq. for first C.V. using the 
continuity eq., this is identical to state 2, h ex = 312.85 kJ/kg 

Tank volume constant so V = m^vj = m 2 v 2 

m 2 = irq Vi / v 2 = 1 kg x 0.00897 / 0.37182 = 0.0241 kg 

From energy eq. 

tW 2 = m lUl - m 2 u 2 - m ex h ex 

= 1 x 331.39-0.0241 x 281.29-0.9759 x 312.85 [kg kJ/kg] 

= 19.3 kj 
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Reversible shaft work, Bernoulli equation 
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7.57 

A river flowing at 0.5 m/s across 1 m high and 10 m wide area has a dam that 
creates an elevation difference of 2 m. How much energy can a turbine deliver per 
day if 80% of the potential energy can be extracted as work? 

CV Dam from upstream to downstream 2 m lower elevation 

Continuity Eq.: m = constant = m e = rhj = A e V e /v e = AjVj/vj 

Find the mass flow rate 

m = AVj/v = pAV^ = 997 kg/m 3 x (1 x 10) m 2 x 0.5 m/s = 4985 kg/s 
Energy Eq.: 0 = m (hj + 0.5Vj 2 + gZj) - m (h e + 0.5V e 2 + gZ e ) - W 

The velocity in and out is the same assuming same flow area and the two 
enthalpies are also the same since same T and P = P 0 . 

This is consistent with Eq.7.14 [ w = g(Zj - Z e ) - loss] 

W = 0.8 m g(Zj - Z e ) = 0.8 x 4985 kg/s x 9.807 m/s 2 x 2 m 
= 78 221 J/s = 78 221 W = 78.2 kW 

W = W At = 78.2 (kJ/s) x 24 x 60 x 60 s = 6.76 GJ 
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7.58 

How much liquid water at 15°C can be pumped from 100 kPa to 300 kPa with a 3 
kW motor? 

Incompressible flow (liquid water) and we assume reversible. Then the shaftwork 
is from Eq.7.15 (7.16) 

w = -I v dP = -v AP = -0.001 m 3 /kg (300 - 100) kPa 
= - 0.2 kJ/kg 

. W 3 kW 

m = ^ = o5kj/ki =15k * /s 


Remark: The pump should also generate the kinetic energy, so the m will be 
smaller. 
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7.59 

A large storage tank contains saturated liquid nitrogen at ambient pressure, 100 
kPa; it is to be pumped to 500 kPa and fed to a pipeline at the rate of 0.5 kg/s. 
How much power input is required for the pump, assuming it to be reversible? 

Solution: 

C.V. Pump, liquid is assumed to be incompressible. 

Table B.6.1 at Pj = 101.3 kPa , v Fi = 0.00124 m 3 /kg 

Eq.7.15 

WpuMP = - w cv = / vdP ~ V Fi( P e - P i) 

= 0.00124(500 - 101) = 0.494 kJ/kg 



W PUMP = mwpuMP = 0-5 kg/s (0.494 kJ/kg) = 0.247 kW 
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Liquid water at 300 kPa, 15°C flows in a garden hose with a small ideal nozzle. 
How high a velocity can be generated? If the water jet is directed straight up how 
high will it go? 

Solution: 

Liquid water is incompressible and we will assume process is reversible. 

1 w2 

Bernoulli’s Eq. across the nozzle Eq.7.16: vAP = A(^ V - ) 

V = ^2vAP = a/2x0.001001 x (300-101) x 1000 = 19.96 m/s 

1 ? 

Bernoulli’s Eq.7. 16 for the column: A(^ V ) = AgZ 

1 

AZ = A(^ V 2 )/ g = vAP/g 

= 0.001001 m 3 /kg x (300 - 101) kPa x 1000 (Pa/kPa)/ 9.807 m/s 2 

= 20.3 m 


a 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


7.61 

A wave comes rolling in to the beach at 2 m/s horizontal velocity. Neglect friction 
and find how high up (elevation) on the beach the wave will reach. 


We will assume a steady reversible single flow at constant pressure and 
temperature for the incompressible liquid water. The water will flow in and up the 
sloped beach until it stops (V = 0) so Bernoulli Eq.7.17 leads to 


1 9 

gz in + 2 ^ in = gz ex + 0 

1 . .2 


( z ex ' z in) 2g V in 2 x 9.807 m/s 2 2 (m/s) 


= 0.204 m 
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7.62 

A small pump takes in water at 20°C, 100 kPa and pumps it to 2.5 MPa at a flow 
rate of 100 kg/min. Find the required pump power input. 

Solution: 


C.V. Pump. Assume reversible pump and incompressible flow. 
With single steady state flow it leads to the work in Eq.7.15 


w p = -/ vdP = -Vj(P e - Pj) = -0.001002 m 3 /kg (2500 - 100) kPa = -2.4 kJ/kg 


W p = mw p 


100 kg/min 
60 sec/min 


(-2.4 kJ/kg) = -4.0 kW 
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7.63 

An irrigation pump takes water from a river at 10°C, 100 kPa and pumps it up to 
an open canal at a 50 m higher elevation. The pipe diameter in and out of the 
pump is 0. 1 m and the motor driving the pump is 5 hp. Neglect kinetic energies 
and friction, find the maximum possible mass flow rate. 


CV the pump. The flow is incompressible and steady flow. The pump work is the 
difference between the flow work in and out and from Bernoulli’s eq. for the pipe 
that is equal to the potential energy increase sincle pump inlet pressure and pipe 
outlet pressure are the same. 

w p = v AP = g AZ = 9.81 x 50 J/kg = 0.49 kJ/kg 
The horsepower is converted from Table A.l 

Wmotor = 5 hp = 5 hp x 0.746 kW/hp = 3.73 kW 


m = W mo t or / w p = 3.73 kW / 0.49 kJ/kg = 7.6 kg/s 

Comment: 


m = AV/v 


V = 


mv 


4m 


4x7.6 


A p n D" 997 x n x 0.1 
The power to generated the kinetic energy is 


2 = 0.97 m/s 


Power = m 0.5 V 2 = 7.6 kg/s x 0.5 x 0.97 2 (m/s) 2 = 3.57 W 
This is insignificant relative to the power needed for the potential energy increase. 



Pump inlet and the pipe exit 
both have close to 
atmospheric pressure. 
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7.64 

A firefighter on a ladder 25 m above ground should be able to spray water an 
additional 10 m up with the hose nozzle of exit diameter 2.5 cm. Assume a water 
pump on the ground and a reversible flow (hose, nozzle included) and find the 
minimum required power. 

Solution: 

C.V.: pump + hose + water column, total height difference 35 m. 

Continuity Eq.4.3, 6.1 1: m in = m ex = (pAV) nozzle 

Energy Eq.4. 12: m(-w p ) + m(h + V 2 /2 + gz) in = m(h + \l~/2 + gz) ex 

Process: h in = h ex , V in = V ex = 0 , z ex - z in = 35 m , p = 1/v = l/v f 

-w p = g(z ex - z in ) = 9.81x(35 - 0) = 343.2 J/kg 

The velocity in the exit nozzle is such that it can rise 10 m. Make that column 
a C.V. for which Bernoulli Eq.7.17 is: 


§ z noz 


V 


noz 


1 2 

2^ noz — § z ex 0 


V 2 g(z eX z noz) 

^2 x 9.81 x 10 = 14 m/s 



71 


DV 


m = 


v f V 


2 ) V noz = ( tc/ 4) 0.025 x 14 / 0.001 = 6.873 kg/s 


-W p = -mWp = 6.873 kg/s x 343.2 J/kg = 2.36 kW 
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Saturated R-410A at -10°C is pumped/compressed to a pressure of 2.0 MPa at the 
rate of 0.5 kg/s in a reversible adiabatic process. Calculate the power required and 
the exit temperature for the two cases of inlet state of the R-410A: 

a) quality of 100 %. 

b) quality of 0 %. 

Solution: 

C.V.: Pump/Compressor, m = 0.5 kg/s, R-410A 

a) State 1: Table B.5.1, T| = -10°C, = 1.0 Saturated vapor 

P : = P g = 573.1 kPa, hj = h g = 275.78 kJ/kg, sj = s g = 1.0567 kJ/kg-K 
Assume Compressor is isentropic, s 2 = Sj = 1.0567 kJ/kg-K 

h 2 = 334.18 kJ/kg, T 2 = 52°C 

Energy Eq.4. 13: q c + hj = h 2 + w c ; q c = 0 

w cs = h| - h 2 = -58.4 kJ/kg; => W c = mw c = -29.2 kW 

b) State 1: Tj = -10°C, x^ = 0 Saturated liquid. This is a pump. 

P : = 573.1 kPa, hi = h f = 42.80 kJ/kg, v, = v f = 0.000827 m 3 /kg 

Energy Eq.4. 13: q p + hi = h 2 + w p ; q p = 0 

Assume Pump is isentropic and the liquid is incompressible, Eq.7.15: 

Wp S = - 1 v dP = -vi(P 2 - Pi) = -1.18 kJ/kg 
h 2 = hj - w p = 42.80 - ( - 1.18) = 43.98 kJ/kg, P 2 = 2 MPa 

Assume State 2 is approximately a saturated liquid => Tj = -9.2°C 
Wp = mwp = -0.59 kW 
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7.66 

Liquid water at ambient conditions, 100 kPa, 25 °C, enters a pump at the rate of 
0.5 kg/s. Power input to the pump is 3 kW. Assuming the pump process to be 
reversible, determine the pump exit pressure and temperature. 

Solution: 

C.V. Pump. Steady single inlet and exit flow with no heat transfer. 

Energy Eq.4.13: w = hj - h e = W/m = -3/0.5 = - 6.0 kJ/kg 

Using also incompressible media we can use Eq.7.15 

w = - JvdP » -Vi(P e - Pi) = -0.001 003 (P e - 100) 

from which we can solve for the exit pressure 

P e = 100 + 6.0/0.001003 = 6082 kPa = 6.082 MPa 


-W = 3 kW, Pi = 100 kPa 
Ti = 25°C, m = 0.5 kg/s 

Energy Eq.: h e = hj - w = 104.87 - (-6) = 1 10.87 kJ/kg 
Use Table B. 1.4 at 5 MPa => T e = 25.3°C 

Remark: 

sj = 0.36736 = s e 

If we use the software we get: At s & P 

0 0 


l -> T e = 25.1°C 
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7.67 

The underwater bulb nose of a container ship has a velocity relative to the ocean 
water as 10 m/s. What is the pressure at the front stagnation point that is 2 m 
down from the water surface. 

Solution: 

C.V. A stream line of flow from the freestream to the stagnation point on the 
front of the bulb nose. 

Eq.7. 17: v(P e - Pj) + \ (vj - vf) + g(Z e - Zj) = 0 

Horizontal so Z e = Zj and V e = 0 
1 2 10 2 

AP - — V. - 49 9*S 1<Pa 

2v 0.001001 x2000 

Pi = P 0 + gH/v = 101 kPa + 9.81 m/s 2 x 2 m/(0.001001 m 3 /kg x 1000 J/kJ) 
= 120.6 kPa 

P e = Pj + A P = 120.6 + 49.95 = 170.6 kPa 
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7.68 

A small water pump on ground level has an inlet pipe down into a well at a depth 
H with the water at 100 kPa, 15°C. The pump delivers water at 400 kPa to a 
building. The absolute pressure of the water must be at least twice the saturation 
pressure to avoid cavitation. What is the maximum depth this setup will allow? 

Solution: 


C.V. Pipe in well, no work, no heat transfer 
From Table B.1.1 

p inlet pump ^ 2 P sat> 15C = 2x1.705 = 3.41 kPa 
Process: 

Assume A KE « 0 , v « constant. => 
Bernoulli Eq.7.16: 

v AP + g H = 0 => 



1000 J/kJ x 0.001001 m 3 /kg x ( 3.41 - 100) kPa + 9.80665 m/s 2 x H = 0 

=> H = 9.86 m 


Since flow has some kinetic energy and there are losses in the pipe the height 
is overestimated. Also the start transient would generate a very low inlet 
pressure due to the necessary dynamic forces (it moves flow by suction). 
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7.69 

A pump/compressor pumps a substance from 150 kPa, 10°C to 1 MPa in a 
reversible adiabatic process. The exit pipe has a small crack, so that a small 
amount leaks to the atmosphere at 100 kPa. If the substance is (a) water, (b) R- 
134a, find the temperature after compression and the temperature of the leak flow 
as it enters the atmosphere neglecting kinetic energies. 

Solution: 

C.V.: Compressor, reversible adiabatic 
Eq.4.13: hj - w c = h 2 ; Eq.7.8: Sj = s 2 

State 2: P 2 , s 2 = Sj 

C.V.: Crack (Steady throttling process) 

Eq.4.13: h 3 = h 2 ; Eq.7.8: s 3 = s 2 + s gen 

State 3: P 3 , h 3 = h 2 

a) W ater 1 : compressed liquid, T able B . 1 . 1 

— w c = + JvdP = v fl (P 2 - P^ = 0.001 m 3 /kg x (1000 - 150) kPa 



= 0.85 kJ/kg 

h 2 = hj - w c = 41.99 + 0.85 = 42.84 kJ/kg => T 2 = 10.2°C 
P 3 , h 3 = h 2 => compressed liquid at ~10.2°C 


Ap 



At 



States 1 and 3 are at 
150, 100 kPa, 
and same v. 


b) R-134a 1: superheated vapor, Table B.5.2, Sj = 1.8220 kJ/kg-K 

s 2 = sj & P 2 => T 2 = 83.1°C , h 2 = 455.57 kJ/kg 
— w c = h 2 - h] = 455.57 - 410.60 = 44.97 kJ/kg 
P 3 , h 3 = h 2 T 3 = 60.6°C 
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7.70 

Atmospheric air at 100 kPa, 17°C blows at 60 km/h towards the side of a 
building. Assume the air is nearly incompressible find the pressure and the 
temperature at the stagnation point (zero velocity) on the wall. 

Solution: 

C.V. A stream line of flow from the freestream to the wall. 


Eq.7.17: 

v(P e -Pi) +|(Ve-V 1 2 ) + g(Z e -Z i ) =0 



km m 1 h 

V i = 60 lT x 1000 kin x 3600 7 


= 16.667 m/s 

3 


RTi 0.287 X 290.15 kJ/kg m 

v = — = 77 ^ r^ = 0.8323 


P; 


100 


kPa 


kg 


1 2 16.667 2 (m/s) 2 

2v V i “ 0.8323 x 2000 m 3 /kg x J/kJ 


= 0.17 kPa 


P e = Pj + A P = 100.17 kPa 


Then Eq.6.23 for an isentropic process: 

T e = Tj (Pg/Pj) 0 ' 28 ^ = 290.15 K x 1.0005 = 290.3 K 
Very small effect due to low velocity and air is light (large specific volume) 
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7.71 

A small pump is driven by a 2 kW motor with liquid water at 150 kPa, 10°C 
entering. Find the maximum water flow rate you can get with an exit pressure of 1 
MPa and negligible kinetic energies. The exit flow goes through a small hole in a 
spray nozzle out to the atmosphere at 100 kPa. Find the spray velocity. 

Solution: 

C.V. Pump. Liquid water is incompressible so work from Eq.7.15 
W = mw = -mv(P e - Pj) => 

m = W/ [-v(P e - Pj) ] = -2/[-0.001003 m 3 /kg ( 1000 - 150) kPa] 

= 2.35 kg/s 

C.V Nozzle. No work, no heat transfer, v « constant => Bernoulli Eq. 7. 17 
|vf x = vAP = 0.001 m 3 /kg ( 1000 - 100) kPa = 0.9 kJ/kg = 900 J/kg 

V ex =a| 2 x 900 J/kg = 42.4 m/s 
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7.72 

A speed boat has a small hole in the front of the drive with the propeller that 
sticks down into the water at a water depth of 0.25 m. Assume we have a 
stagnation point at that hole when the boat is sailing with 40 km/h, what is the 
total pressure there? 

Solution: 

C.V. A stream line of flow from the freestream to the wall. 

Eq.7. 17: v(P e -Pi) + \ (V^-vf ) + g(Z e - Zj) = 0 

km m 1 h 

V; = 40 ~r~ x 1000 ] x - = 11.111 m/s 
1 h km 3600 s 

1 2 11. Ill 2 

AP = 2v V i = 0.001001 x 2000 =6L66kPa 

Pi = P 0 + gH/v = 101 + 9.81 x 0.25/ (O.OOlOOlx 1000) = 103.45 kPa 

P e = Pi + A P = 103.45 + 61.66 = 165 kPa 

Remark: This is fast for a boat 
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7.73 

You drive on the highway with 120 km/h on a day with 17°C, 100 kPa 
atmosphere. When you put your hand out of the window flat against the wind you 
feel the force from the air stagnating, i.e. it comes to relative zero velocity on your 
skin. Assume the air is nearly incompressible and find the air temperature and 
pressure right on your hand. 

Solution: 

1 

Energy Eq.4.13: ^ V“ + h G = h st 

T st = T 0 + \ V 2 /C p = 17+| [(120x1 000)/3 600] 2 x (1/1004) 

= 17 + 555.5/1004 = 17.6°C 
v = RT 0 /P 0 = 0.287 x 290/100 = 0.8323 m 3 /kg 
From Bernoulli Eq.7.17: 

1 \i2 

vAP = 2 V 2 

Pst = P 0 + \ V 2 /v = 100 + 555.5/(0.8323 x 1000) = 100.67 kPa 
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7.74 

A small dam has a pipe carrying liquid water at 150 kPa, 20°C with a flow rate of 
2000 kg/s in a 0.5 m diameter pipe. The pipe runs to the bottom of the dam 15 m 
lower into a turbine with pipe diameter 0.35 m. Assume no friction or heat 
transfer in the pipe and find the pressure of the turbine inlet. If the turbine 
exhausts to 100 kPa with negligible kinetic energy what is the rate of work? 

Solution: 

C.V. Pipe. Steady flow no work, no heat transfer. 

States: compressed liquid B. 1.1 v 2 ~ vj ^ Vf = 0.001002 m /kg 


Continuity Eq.4.3: m = p AV = AV/v 

Vj = mv, /A, = 2000 kg/s x 0.001002 m 3 /kg / <Jo.5 2 m 2 ) = 10.2 m s' 1 

V 2 = mv 2 /A 2 = 2000 kg/s x0.001002 m 3 /kg /( ^0.35 2 m 2 ) = 20.83 m s' 1 
From Bernoulli Eq.7.16 for the pipe (incompressible substance): 
v(P 2 - Pj) + \ (V 2 - Vi) +g(Z 2 -Z 1 ) = 0 => 

P 2 = Pi + [y (Vi - v 2 ) + g (Z, - Z 2 )]/v 

y x(10.2 2 - 20.83 2 ) + 9.80665 xl5 2-2 

^ 111 u 

— 1 SO VPn -i- 

1000x0.001002 J/kJ xm 3 / kg 

= 150 - 17.8 = 132.2 kPa 

Note that the pressure at the bottom should be higher due to the elevation 
difference but lower due to the acceleration. Now apply the energy equation 
Eq.7.13 for the total control volume 

w = - j v dP + \ <y\ - V3) + g(Zj - Z 3 ) 

= - 0.001002 (100 - 150) + [yxl0.2 2 + 9.80665 x 15] /1000 = 0.25 kJ/kg 
W = mw = 2000 kg/s x 0.25 kJ/kg = 500 kW 
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7.75 


An air flow at 100 kPa, 290 K, 100 m/s is directed towards a wall. At the wall the 
flow stagnates (comes to zero velocity) without any heat transfer. Find the 
stagnation pressure a) assuming incompressible flow b) assume an adiabatic 
compression. Hint: T comes from the energy equation. 

Solution: 

Ideal gas: v = RT 0 /P 0 = 0.287 x 290/100 = 0.8323 m 3 /kg 


Kinetic energy: \ V 2 = \ (100 2 /1000) = 5 kJ/kg 

a) Reversible and incompressible gives Bernoulli Eq.7.17: 


AP = \ V 2 /v = 5/0.8323 
= 6 kPa 

P st = P 0 + AP = 106 kPa 
b) adiabatic compression 

Energy Eq.4. 13: \ V 2 + h G = h st 





h st -ho4v 2 = C p AT 

AT = vV 2 /C p = 5/1.004 = 5°C 

=> T st = 290 + 5 = 295 K 
Entropy Eq.7.9 assume also reversible process: 

So Sgen f ( 1/T) dq — s st 


as dq = 0 and s gen = 0 then it follows that s = constant 
This relation gives Eq.6.23: 


Pst = P o 


v^oy 


k-l 


= 100 x (295/290) 3 - 5 = 106 kPa 
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7.76 

A flow of air at 100 kPa, 300 K enters a device and goes through a polytropic 
process with n = 1.3 before it exits at 800 K. Find the exit pressure, the specific 
work and heat transfer using constant specific heats. 

Solution: 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq.4.13: h| + q = h 2 + w Neglect kinetic, potential energies 

Entropy Eq.7.9: Sj + J dq/T + s gen = s 2 

T e = 800 K; Tj = 300 K; Pj = 100 kPa 

n L3 

Process Eq.6.28: P e = Pj (T e / Tj) 11 - 1 = 100 (800/300) 0 3 = 7 012 kPa 
and the process leads to Eq.7.18 for the work term 

w = -yy R (T e - Ti) = - (1. 3/0.3) x 0.287 kJ/kg-K x (800 - 300) K 

= - 621.8 kj/kg 

q = h e - hj + w = C P (T e - Tj) +w 

= 1.004 kJ/kg-K (800 - 300) K - 621.8 kJ/kg 

= -119.8 kj/kg 




Notice: 
dP > 0 
so dw <0 

ds < 0 
so dq < 0 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


7.77 

Solver the previous problem but use the air tables A.7 


Air at 100 kPa, 300 K, flows through a device at steady state with the exit at 1000 
K during which it went through a polytropic process with n = 1.3. Find the exit 
pressure, the specific work and heat transfer. 

Solution: 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq.4. 13: h ] + q = h 2 + w Neglect kinetic, potential energies 

Entropy Eq. 7. 9: s 1 +jdq/T+ s gen = s 2 

T e = 800 K; Tj = 300 K; Pj = 1 00 kPa 

n L3 

Process Eq.6.28: P e = Pj (T e / T/' 1 = 100 (800/300) 0 3 = 7 012 kPa 
and the process leads to Eq.7.18 for the work term 

w = -fj R (T e - Tj) = - (1. 3/0.3) x 0.287 kJ/kg-K x (800 - 300) K 

= - 621.8 kj/kg 

q = h e - hj + w = 822.2 - 300.5 - 621.8 
= -100.1 kj/kg 



T 



= 1.4 

Notice: 

dP > 0 


so dw <0 

n = 1 


T' n= 1.3 

ds < 0 
so dq < 0 

s 
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7.78 

Helium gas enters a steady-flow expander at 800 kPa, 300°C, and exits at 120 
kPa. The expansion process can be considered as a reversible polytropic process 
with exponent, n = 1.3. Calculate the mass flow rate for 150 kW power output 
from the expander. 

Solution: 



CV: expander, reversible polytropic process. 
From Eq.6.28: 


T a = T; 


v p iy 


n-1 


n 


573.2 


fl20 \ 

UooJ 


03 

13 = 370 K 


Work evaluated from Eq.7.18 

r nR -1.3 x 2.07703 

w = - J vdP = - — j- (T e - Tj) = Q 2 kJ/kg-K (370 - 573.2) K 

= 1828.9 kJ/kg 

m = W/w = 150 kW / 1828.9 kJ/kg = 0.082 kg/s 
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7.79 

A flow of 4 kg/s ammonia goes through a device in a polytropic process with an 
inlet state of 150 kPa, -20°C and an exit state of 400 kPa, 60°C. Find the 
polytropic exponent n, the specific work and heat transfer. 

Solution: 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq.4.13: h | + q = fi 2 + w Neglect kinetic, potential energies 

Entropy Eq.7.9: Sj + J dq/T + s gen = s 2 

Process Eq. 6. 27: PiVi n = P 2 v 2 n : 

State 1: Table B.2.2 v 1= 0.79774, s 1= 5.7465 kJ/kg K, h 1= 1422.9 kJ/kg 
State 2: Table B.2.2 v 2 = 0.3955, s 2 = 5.8560 kJ/kg K, h 2 = 1590.4 kJ/kg 
In (PyPi) = n In (vj/ v 2 ) => 0.98083 = n x 0.70163 

n = In (P 2 /Pi) / In ( Vl / v 2 ) = 1.3979 
From the process and the integration of v dP gives Eq. 7. 18. 

w s haft = (P 2 v 2 - P lVl ) = -3.5132 (158.2 -1 19.66) = -135.4 kJ/kg 

q = h 2 + w - hj = 1590.4 - 1422.9 - 135.4 = 32.1 kJ/kg 

i P AT Notice: 

dP > 0 
so dw <0 

ds > 0 

so dq > 0 
s 
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7.80 

Calculate the air temperature and pressure at the stagnation point right in front of 
a meteorite entering the atmosphere (-50 °C, 50 kPa) with a velocity of 2000 m/s. 
Do this assuming air is incompressible at the given state and repeat for air being a 
compressible substance going through an adiabatic compression. 

Solution: 

Kinetic energy: 2 = 2 (2000) 2 /1000 = 2000 kJ/kg 

Ideal gas: v atm = RT/P = 0.287 kJ/kg-K x 223 K/50 kPa = 1.28 m 3 /kg 

a) incompressible 

1 o 

Energy Eq.4. 13: Ah = V 2 = 2000 kJ/kg 

If A. 5 AT = Ah/Cp = 1992 K unreasonable, too high for that C p 

1 o 

Use A. 7: h st = h 0 + ^ V 2 = 223.22 + 2000 = 2223.3 kJ/kg 

T st = 1977 K 

Bernoulli (incompressible) Eq.7.17: 

AP = P st - P 0 = \ V 2 /v = 2000 (m/s) 2 /1.28 m 3 /kg = 1562.5 kPa 

P st = 1562.5 +50= 1612.5 kPa 

b) compressible 

T st = 1977 K the same energy equation. 

FromA.7.1: s^ st = 8.9517 kJ/kg K; 

Eq.6.19: 

P st = P 0 x e( s T st - S T o) /R 

8.9517 - 6.5712 
= 50 x exp [ ] 

= 200 075 kPa 



Notice that this is highly compressible, v is not constant. 
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7.81 

An expansion in a gas turbine can be approximated with a polytropic process with 
exponent n = 1.25. The inlet air is at 1200 K, 800 kPa and the exit pressure is 125 
kPa with a mass flow rate of 0.75 kg/s. Find the turbine heat transfer and power 
output. 

Solution: 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq. 4. 13: hj + q = h c + w Neglect kinetic, potential energies 

Entropy Eq.7.9: Sj + J dq/T + s gen = s e 

Process Eq.6.28: 

n-l 0.25 

T e = Tj (P e / Pj) 11 = 1200 (125/800) 1 ' 25 = 827.84 K 

so the exit enthalpy is from Table A. 7.1 

27.84 

h e = 822.2 + ^-(877.4 - 822.2) = 852.94 kJ/kg 

The process leads to Eq.7.18 for the work term 

• nR 1.25 x 0.287 

W = mw = -m— j- (T e - Tj) = -0.75 ^5 x (827.84 - 1200) 

= 400.5 kW 

Energy equation gives 

Q = mq = m(h e - hj) + W = 0.75(852.94 - 1277.81) + 400.5 
= -318.65 +400.5 =81.9 kW 




Notice: 
dP < 0 
so dw > 0 

ds > 0 
so dq > 0 


Notice this process has some heat transfer in during expansion which is 
unusual. The typical process would have n = 1.5 with a heat loss. 
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Steady state irreversible processes 
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7.82 

Consider a steam turbine with inlet 2 MPa, 350°C and an exhaust flow as 
saturated vapor 100 kPa. There is a heat loss of 6 kJ/kg to the ambient. Is the 
turbine possible? 

Solution: 

At the given states 

Table B. 1.3: Sj = 6.9562 kJ/kg K; s e = 7.3593 kJ/kg K 

Do the second law for the turbine, Eq.7.8 

• • - • • 

m e s e = mjSj + J dQ/T + S gen 

s e — Sj + } dq/T + s gen 

Sgen = S e - Sj - J dq/T = 7.3593 - 6.9562 - 6/298 = 0.383 kJ/kgK > 0 
Entropy goes up even if q goes out. This is an irreversible process. 
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7.83 

A large condenser in a steam power plant dumps 15 MW by condensing saturated 
water vapor at 45°C to saturated liquid. What is the water flow rate and the 
entropy generation rate with an ambient at 25°C? 

Solution: 


This process transfers heat over a finite temperature difference between 
the water inside the condenser and the outside ambient (cooling water from the 
sea, lake or river or atmospheric air) 


C.V. The Condensing water flow 


• w 

Energy Eq.: 0 = m (h g - h f ) - Q out 

• _ • 15 000 kW 

m_ Qout/hfg- 2394.77 kJ/kg 


= 6.264 kg/s 


C.V. The wall that separates the inside 45°C 
water from the ambient at 25°C. 

Entropy Eq. 7.1 for steady state operation: 


dS_ 
dt “ 




__Q_ 

gen t 45 


Q • 

— — + s 

T ^ °gen 


Condensi nc 



Sea 

water 




water 

A 

1 

V 

r 

cb 

0 


45°C 25°C 


15 MW 
S gen - 25 + 273 K 


15 MW 
45 + 273 K 


3.17 


kW 

K 
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7.84 

R-410A at -5°C, 700 kPa is throttled so it becomes cold at -40°C. What is exit P 
and the specific entropy generation? 


C.V. Throttle. Steady state, 

Process with: q = w = 0; and Vj = V e , Zj = Z e 

Energy Eq.4. 13: hj = h e , 

Inlet state: Table B.4. 1 hj = 50.22 kJ/kg, Sj = 0. 1989 kJ/kg-K 


Exit state: Table B.4.1 


h e - h 


f e 


(slightly compressed liquid) 
since h < h g = 262.83 kJ/kg it is two-phase 

P = Psat = 175 kPa 

50.22-0 


x e = 


h = 262 83 =0 - 19107 ’ s e = 0 + x e 1.1273 = 0.2154 kJ/kg-K 

fg e 


s gen = s e - Sj = 0.2154 - 0.1989 = 0.0165 kJ/kg-K 
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7.85 

Ammonia is throttled from 1.5 MPa, 35°C to a pressure of 291 kPa in a 
refrigerator system. Find the exit temperature and the specific entropy generation 
in this process. 

The throttle process described in Example 6.5 is an irreversible process. Find the 
entropy generation per kg ammonia in the throttling process. 

Solution: 

The process is adiabatic and irreversible. The consideration with the energy given 
in the example resulted in a constant h and two-phase exit flow. 

Table B.2.1: sj = 1.2792 kJ/kg K, hj = 346.8 kJ/kg 

Table B.2.1: x = (hj - h f )/h fg = (346.8 - 134.41)/1296.4 = 0.1638 

s e = s f + x e s fg = 0.5408 + 0.1638 x 4.9265 = 1.34776 kJ/kg K 

We assumed no heat transfer so the entropy equation Eq.7.9 gives 

Sgen = s e - Si - 1 dq/T = 1.34776 - 1.2792 - 0 = 0.0686 kJ/kg K 
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7.86 

A compressor in a commercial refrigerator receives R-410A at -25°C and x = 1. 
The exit is at 1000 kPa and 20°C. Is this compressor possible? 

Solution: 

C.V. Compressor, steady state, single inlet and exit 
flow. For this device we also assume no heat 
transfer and Zj = Z e 

From Table B.4. 1 : hj = 269.77 kJ/kg, Sj = 1 .0893 kJ/kg-K 

From Table B.4.2 : h e = 295.49 kJ/kg, s e = 1.073 kJ/kg-K 

Entropy gives 

Sge n = s e - Sj - 1 dq/T = 1.073 - 1.0893 - J dq/T = negative 

The result is negative unless dq is negative (it should go out, but T < T ambient) 
so this compressor is impossible 
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7.87 

R-134a at 30°C, 800 kPa is throttled in a steady flow to a lower pressure so it 
comes out at -10°C. What is the specific entropy generation? 


Solution: 

The process is adiabatic and irreversible. The consideration of the energy given in 
example 6.5 resulted in a constant h and two-phase exit flow. 

Table B.4.1: hj = 241.79 kJ/kg, Sj = 1.143 kJ/kg-K (compressed liquid) 

State 2: -10°C, h e = hj < h g so two-phase x e = (h e - lif)/h fg = 0.267 
Table B.4.1: s e = s f + x e s fg = 0.9507 + 0.267 x 0.7812 = 1.16 kJ/kg-K 

We assumed no heat transfer so the entropy equation Eq.7.9 gives 
Sgen = s e - Sj - 1 dq/T = 1.16 - 1.143 - 0 = 0.017 kJ/kg K 





800 kPa 


e V 202 kPa 

s 
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7.88 

Analyze the steam turbine described in Problem 4.84. Is it possible? 

Solution: 

C.V. Turbine. Steady flow and adiabatic. 

Continuity Eq.4.9: mi = m 2 + m 3 ; 

• • • • 

Energy Eq.4.10: m 1 h 1 = m 2 h 2 + mghg + W 

• • • • 

Entropy Eq.7.7: mjSj + S gen = m 2 s 2 + 1113 S 3 

States from Table B.1.3: Sj = 7.2337, s 2 = 7.3010, s 3 = 7.5066 kJ/kg-K 

S gen = 1 x 7.301 + 4 x 7.5066 - 5 x 7.2337 = 1.16 kW/K > 0 
Since it is positive => possible. 

Notice the entropy is increasing through the turbine: Sj < s 2 < S 3 
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7.89 

Two flowstreams of water, one at 0.6 MPa, saturated vapor, and the other at 0.6 
MPa, 600°C, mix adiabatically in a steady flow process to produce a single flow 
out at 0.6 MPa, 400°C. Find the total entropy generation for this process. 
Solution: 


Continuity Eq.4.9: 

m 3 = 

m i + 

m 2 , 

Energy Eq 

[.4.10: 

m 3 h 3 

= m^ + m 2 h 2 

1: B.1.2 

hj = 2756.8 

kJ/kg, 

si = 

6.760 kJ/kg-K 

2: B.1.3 

h 2 = 3700.9 

kJ/kg, 

S2 = 

8.2674 kJ/kg-K 

3: B.1.3 

h 3 = 3270.3 

kJ/kg, 

S3 = 

7.7078 kJ/kg-K 


=> m 1 /m 3 = (h 3 - h 2 ) / (hj - h 2 ) = 0.456 

• • • • 

Entropy Eq.7.7: m 3 s 3 = mjSj + m 2 s 2 + S gen => 

S ge n/m 3 = s 3 - (m 1 /iii 3 ) s, - (m 2 /m 3 ) s 2 

= 7.7078 - 0.456x6.760 - 0.544x8.2674 = 0.128 kj/kg K 



The mixing process generates entropy. The two inlet flows could have 
exchanged energy (they have different T) through some heat engines and 
produced work, the process failed to do that, thus irreversible. 
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A geothermal supply of hot water at 500 kPa, 150°C is fed to an insulated flash 
evaporator at the rate of 1.5 kg/s. A stream of saturated liquid at 200 kPa is 
drained from the bottom of the chamber and a stream of saturated vapor at 200 
kPa is drawn from the top and fed to a turbine. Find the rate of entropy generation 
in the flash evaporator. 


Solution: 



Two-phase out of the 
valve. The liquid drops 
to the bottom. 


Continuity Eq.4.9: 


m i = m 2 + m3 


Energy Eq.4.10: 


m^hj = ni2h2 + 1113113 


Entropy Eq.7.7: 


m^j + S gen + J dQ/T =m 2 S2 + m3S3 


Process: 


Q = 0, irreversible (throttle) 


B.1.1 hj = 632.18 kJ/kg, s 1 = 1.8417 kJ/kg-K 
B.1.2 h 3 = 2706.63 kJ/kg, s 3 = 7.1271 kJ/kg-K, 
h 2 = 504.68 kJ/kg, s 2 = 1.53 kJ/kg-K 
From the energy equation we solve for the flow rate 

m 3 = irq/lq - h 2 )/(h 3 - h 2 ) = 1.5 x 0.0579 = 0.08685 kg/s 

Continuity equation gives: m 2 = mi - m 2 = 1.41315 kg/s 

Entropy equation now leads to 

Sgen = m 2 s 2 + m 3 s 3 ' m l s l 

= 1.41315 x 1.53 + 0.08685 x 7.127 - 1.5 x 1.8417 

= 0.01855 kW/K 
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A compressor in a commercial refrigerator receives R-410A at -25°C and x = 1. 

The exit is at 2000 kPa and 80°C. Neglect kinetic energies and find the specific 
entropy generation. 


Solution: 


C.V. Compressor, steady state, single inlet and 
exit flow. For this device we also assume no 
heat transfer q = 0 and Zj = Z 2 



Entropy Eq.7.9: Sj + j dq/T + s gen = s e = Sj + 0 + s gen 

From Table B.4.1 : Sj = 1.0893 kJ/kgK 

From Table B.4.2 : s e = 1.1537 kJ/kgK 

Entropy generation becomes 

Sgen = s e _ s i = 1-1537 - 1.0893 = 0.0644 kJ/kgK 
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A steam turbine has an inlet of 2 kg/s water at 1000 kPa and 400°C with velocity 

of 15 m/s. The exit is at 100 kPa, 150°C and very low velocity. Find the power 
produced and the rate of entropy generation. 


Solution: 

C.V. Turbine. Steady flow and adiabatic. 
Continuity Eq.4.9: irq = m 2 ; 

Energy Eq. 4. 10: m^(h^+ 7 V 2 ) = m 2 h 2 + W 

• • • 

Entropy Eq.7.7: mjSj + S gen = m 2 S 2 



States from Table B.1.3: lq = 3263.88 kJ/kg, Sj = 7.4650 kJ/kgK, 

h 2 = 2776.38 kJ/kg, s 2 = 7.6133 kJ/kgK 

W = m 1 (h 1 + yV 2 - h 2 ) = 2 kg/s (3263.88 - 2776.38) kJ/kg 

= 975 kW 

Sgen = mi(s 2 - Sj) = 2 kg/s (7.6133 - 7.4650) kJ/kgK = 0.3 kW/K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


7.93 

A factory generates compressed air from ambient 100 kPa, 17°C, by compression 
to 1000 kPa, 600 K after which it cools in a constant pressure cooler to 300 K by 
heat transfer to the ambient. Find the specific entropy generation in the 
compressor and in the cooler. 


Solution 

C.V. air compressor q = 0 

• • 

Continuity Eq.: m 2 = mj ; Energy Eq. 4. 13: 0 = h 1 + w c i n -h 2 

Entropy Eq. : 0 = s : - s 2 + s gen comp 

Table A.7 State 1: tq = 290.19 kJ/kg, s^j = 6.83521 kJ/kg-K, 

Table A.7 State 2: h 2 = 607.32 kJ/kg, s^ 2 = 7.57638 kJ/kg-K, 

Table A.7 State 3: h 3 = 300.47 kJ/kg, s^ 3 = 6.86926 kJ/kg-K, 

s gen comp = s 2 — S 1 = S T2 — S T1 — ^ l n (P2^Pl) 

= 7.57638 - 6.83521 - 0.287 ln( 1000/1 00) = 0.080 kJ/kgK 
C.V. cooler w = 0 


Continuity Eq.: m 3 = m 2 ; Energy Eq. 4. 13: 0 = h 2 -q out -h 3 

Entropy Eq. : 0 = s 2 - s 3 - q 0Ut /T amb + s gen cool 

q ou t = h 2 - h 3 = 607 - 32 - 300.47 = 306.85 kJ/k S 

s gen cool = s 3 " s 2 + Oout^amb = S T3 — S T2 + Oout^amb 

306.85 

= 6.86926 - 7.57638 + 0Qn = 0.351 kJ/kg 


1 

-1— ► 



Compressor 

w c 




Compressor section Cooler section 
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A mixing chamber receives 5 kg/min ammonia as saturated liquid at -20°C from 
one line and ammonia at 40°C, 250 kPa from another line through a valve. The 
chamber also receives 325 kJ/min energy as heat transferred from a 40°C 
reservoir. This should produce saturated ammonia vapor at -20°C in the exit line. 
What is the mass flow rate in the second line and what is the total entropy 
generation in the process? 

Solution: 

CV: Mixing chamber out to reservoir 

• • • 

Continuity Eq.4.9: nq + m 2 = m 3 

• • • • 

Energy Eq.4.10: m ihi + n^f^ + Q = nq^ 

• • • • • 

Entropy Eq.7.7: m ] s ] + m 2 S 2 + Q/T res + S gen = 1113 S 3 



From Table B. 2.1: fq = 89.05 kJ/kg, Sj = 0.3657 kJ/kg-K 

From Table B.2.2: h 2 = 1551.7 kJ/kg, s 2 = 5.9599 kJ/kg-K 

From Table B.2.1: h 3 = 1418.05 kJ/kg, s 3 = 5.6158 kJ/kg-K 


From the energy equation: 

m 2 = [(irqQij - h 3 ) + Q]/(h 3 - h 2 ) 

= [5 x (89.05 - 1418.05) + 325] / (1418.05 - 1551.7) 

= 47.288 kg/min => m 3 = 52.288 kg/min 

S g en = m 3 S 3 - mjSj - m 2 s 2 - Q /T res 

= 52.288 x 5.6158 - 5 x 0.3657 - 47.288 x 5.9599 - 325/313.15 

= 8.94 kJ/K min 
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Carbon dioxide at 300 K, 200 kPa is brought through a steady device where it is 
heated to 600 K by a 700 K reservoir in a constant pressure process. Find the 
specific work, specific heat transfer and specific entropy generation. 

Solution: 

C.V. Heater and walls out to the source. Steady single inlet and exit flows. 

Since the pressure is constant and there are no changes in kinetic or potential 
energy between the inlet and exit flows the work is zero. w = 0 

• • • 

Continuity Eq.4. 11: nij = m e = m 

Energy Eq. 4. 13: hj + q = h e 

Entropy Eq.7.9: Sj + I dq/T + s gen = s e = Sj + q/T source + s gen 

Properties are from Table A. 8 so the energy equation gives 
q = h e - hj = 506.07 - 214.38 = 291.7 kj/kg 

From the entropy equation 

Sge n = s e - ^ - q/T source = (5.5279 - 4.8631) kJ/kgK - 291.7 kJ/kg /700 K 
= 0.6648 - 0.4167 = 0.248 kj/kg K 
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Methane at 1 MPa, 300 K is throttled through a valve to 100 kPa. Assume no 
change in the kinetic energy and ideal gas behavior. What is the specific entropy 
generation? 


Continuity Eq.4. 11: = m e = m 

Energy Eq.4. 13: hj + 0 = h e 

Entropy Eq.7.8, 7.9: Sj + j dq/T + s gen = s e = Sj + 0 + s gen 

Properties are from Table B.7.2 so the energy equation gives 

h e = hj = 618.76 kJ/kg => T e = 296 K, s e = 11.5979 kJ/kg-K 

Sgen = s e - s i = 1 1-5979 - 10.4138 = 1.184 kJ/kgK 
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A heat exchanger that follows a compressor receives 0.1 kg/s air at 1000 kPa, 500 
K and cools it in a constant pressure process to 320 K. The heat is absorbed by 
ambient ait at 300 K. Find the total rate of entropy generation. 

Solution: 

C.V. Heat exchanger to ambient, steady constant pressure so no work. 

• • • 

Energy Eq. 4. 12: mhj = mh e + Q out 

• • • • 

Entropy Eq.7.7: msj + S gen = ms e + Q out /T 

Using Table A. 5 and Eq.8.25 for change in s 

Q out = m(hj - h e ) = mCpoCTi - T e ) = 0.1 x 1.004(500 - 320) = 18.07 kW 

Sgen = m(s e - Sj) + Q out /T = mC Po ln( T c /T l ) + Q out /T 

= 0.1 kg/s x 1.004 kJ/kg-K ln( 320/500) + 18.07 kW/300 K 

= 0.0154 kW/K 


Using Table A. 7.1 and Eq. 6.19 for change in entropy 
h 50 o = 503.36 kJ/kg, h 32 o = 320.58 kJ/kg; 
s T5()o = 7.38692 kJ/kg K, s X32Q = 6.93413 kJ/kg K 

Q out = m(hj - h e ) = 0.1 kg/s (503.36 - 320.58) kJ/kg =18.19 kW 

Sgen = m(s e - Sj) + Q out /T 

= 0.1 kg/s (6.93413 - 7.38692) kJ/kg-K +18.19 kW/300 K 

= 0.0156 kW/K 
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A dual fluid heat exchanger has 5 kg/s water enter at 40°C, 150 kPa and leaving at 

10°C, 150 kPa. The other fluid is glycol coming in at -10°C, 160 kPa and leaves 

at 10°C, 160 kPa. Find the mass flow rate of glycol and the rate of entropy 
generation. 


Continuity Eqs.: 
Energy Eq.4.10: 


Each line has a constant flow rate through it. 

• • • • 

m H 2 0 11 1 + m glycol h 3 = m H 2 0 h 2 + m glycol h 4 


Entropy Eq.7.7: 


• • • • • 

0 = m H 2 0 S 1 + m glycol s 3 “ m H 2 0 s 2 “ m glycol s 4 + S gen 


Process: Each line has a constant pressure. 

Table B.l: h 2 = 167.54 kJ/kg, h 2 = 41.99 kJ/kg, sj = 0.5724, s 2 = 0.151 kJ/kg-K 


We could have used specific heat for the changes. 

Table A.4: Cp g i y = 2.42 kJ/kg-K so 

h 4 - h 3 = C P gly (T 4 - T 3 ) = 2.42 [10 - (-10)] = 48.4 kJ/kg 

s 4 — s 3 = C P gly In (T 4 /T 3 ) = 2.42 ln(283. 15/263. 15) = 0.1773 kJ/kgK 


li 4 - h 2 

m giycoi = m H 2 o _ h 3 = 5 


167.54-41.99 

48.4 


= 12.97 kg/s 


• • • 

Sgen — m H 2 0 ( s 2 — s l) + m glycol ( s 4 — s 3) 

= 5 kg/s (0.151 - 0.5724) kJ/kgK + 12.97 kg/s x 0.1773 kJ/kgK 

= 0.193 kW/K 


C.V. Heat exchanger, steady flow 1 
inlet and 1 exit for glycol and water 
each. The two flows exchange 
energy with no heat transfer to/from 
the outside. 


1 water 


b 


2 


3 glycol 

+- 
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Two flows of air both at 200 kPa; one has 2 kg/s at 400 K and the other has 1 kg/s 
at 290 K. The two flows are mixed together in an insulated box to produce a 
single exit flow at 200 kPa. Find the exit temperature and the total rate of entropy 
generation. 

Solution: 

Continuity Eq.4.9: 

irq + m 2 = m3 = 2 + 1 = 3 kg/s 

Energy Eq.4.10: 

• • • 

m^hj + ni2h2 = nighg 



Entropy Eq.7.7: mjs^ + m 2 S2 + S gen = m 3 S3 

Using constant specific heats from A. 5 and Eq.6.16 for s change. 

Divide the energy equation with ni3Cp 0 

. . . . 2 1 

T 3 = (m 1 /m 3 )T 1 + (m 2 /m3)T2 = 3 x 400 + 3 x 290 = 363.33 K 


Sgen = mi(s 3 - Si) + m 2 (s 3 - s 2 ) 

363 33 363 33 

= [1 x 1.004 In ( 4QQ ) + 2 x 1.004 In ( 290 ^ x kJ/kg-K 

= 0.356 kW/K 


Using A.7.1 and Eq.6.19 for change in s. 

2 1 

h 3 = (mi/ni3)fq + (m2/m3)h2 = 3 x 401.3 + 3 x 290.43 = 364.34 kJ/kg 
From A.7.1: T 3 = 364.44 K s X3 = 7.06216 kJ/kg K 

Sgen = [2 (7.06216 - 7.15926) + 1 (7.06216 - 6.83521)] kg/s x kJ/kgK 

= 0.03275 kW/K 

The pressure correction part of the entropy terms cancel out as all three 
states have the same pressure. 
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A condenser in a power plant receives 5 kg/s steam at 15 kPa, quality 90% and 
rejects the heat to cooling water with an average temperature of 17°C. Find the 
power given to the cooling water in this constant pressure process and the total 
rate of enropy generation when condenser exit is saturated liquid. 

Solution: 

C.V. Condenser. Steady state with no shaft work term. 

• • • 

Energy Eq.4.12: m h- + Q = mh 

1 C 

• • • • 

Entropy Eq.7.8: m s- + Q/T + S gen = m s £ 

Properties are from Table B.1.2 

h- = 225.91 + 0.9 x 2373.14 = 2361.74 kJ/kg , h = 225.91 kJ/kg 

1 C 

s- = 0.7548 + 0.9 x 7.2536 = 7.283 kJ/kg K, s p = 0.7548 kJ/kg-K 

1 C 

Q out = -Q = m (hj - h e ) = 5(2361.74 - 225.91) = 10679 kW 

^gen — m ( s e — S P QouA 

= 5(0.7548 - 7.283) + 10679/(273 + 17) 

= -32.641 + 36.824 = 4.183 kW/K 

Often the cooling 
media flows inside a 
long pipe carrying 
the energy away. 
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A large supply line has a steady flow of R-410A at 1000 kPa, 60°C. It is used in 
three different adiabatic devices shown in Fig. P7.101, a throttle flow, an ideal 
nozzle and an ideal turbine. All the exit flows are at 300 kPa. Find the exit 
temperature and specific entropy generation for each device and the exit velocity 
of the nozzle. 

Inlet state: B.4.2: hj = 335.75 kJ/kg , Sj = 1.2019 kJ/kg-K 

C.V. Throttle, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.4. 13: hj = h e ( Zj = Z e and V’s are small) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + s gen 

Exit state: h e = hj = 335.75 kJ/kg, T e = 47.9°C, s e = 1.332 kJ/kg-K 

Sgen = s e - Sj = 1.332 - 1.2019 = 0.2 kJ/kg K 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.4. 13: hj = h e + V^/2 ( Zj = Z e ) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + 0 

The isentropic process (s e = Sj) gives from B.4.2 

T e = 4.6°C, s gen = 0’ h e = 296.775 kJ/kg 
The energy equation becomes 

Vg/2 = hj - h e = 335.75 - 296.775 = 38.975 kJ/kg 

V e = a/2 x 38.975 x 1000 = 279.2 m/s 

Turbine: 

Process: Reversible and adiabatic => same as for nozzle except w, V e = 0 
Energy Eq.4. 13: hj = h e + w ( Zj = Z e ) 

T e = 4.6°C, s gen = 0, h e = 296.775 kJ/kg 



V s 
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A two-stage compressor takes nitrogen in at 20°C, 150 kPa compresses it to 600 
kPa, 450 K then it flows through an intercooler where it cools to 320 K and the 
second stage compresses it to 3000 kPa, 530 K. Find the specific entropy 
generation in each of the two compressor stages. 

The setup is like this: 



C.V.: Stage 1 nitrogen, Steady flow 
Process: adibatic: q = 0, s gen = 0 

Energy Eq. 4.13: -w cl = h 2 - fq , Entropy Eq. 7.10: 0 = Sj - s 2 + s gen C1 

Assume constant C P0 = 1.042 from A.5 and Eq.6.16 for change in entropy 

Sgen Cl = s 2 - S 1 = C P0 ln (T 2 /T l) “ R ln (P2 /P l) 

= 1.042 ln(450/293.15) - 0.2968 ln(600/150) 

= 0.0351 kJ/kgK 

Sgen C2 = S4 - s 3 = C P0 ln(T 4 /T 3 ) - R In (P 4 /P 3 ) 

= 1.042 ln(530/320) - 0.2968 ln(3000/600) 

= 0.0481 kJ/kgK 
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The intercooler in the previous problem uses cold liquid water to cool the 

nitrogen. The nitrogen flow is 0.1 kg/s and the liquid water inlet is 20°C and setup 

to flow in the opposite direction as the nitrogen so the water leaves at 35°C. Find 
the flow rate of the water and the entropy generation in this intercooler. 

Solution: 



A hydraulic motor driven compressor with intercooler in small pipe between the 
two stages. 


C.V. Heat exchanger, steady 2 flows in and two flows out. 

Continuity eq.: m ] = m 2 = rriH 20 ’ m 3 = m 4 = m N2 

Energy eq.: 0 = m N2 (h 3 - h 4 ) + m H20 (h 2 - h,) 

• • • 

Entropy Eq.7.7: 0 = m N2 (s 3 - s 4 ) + m H2 o (s 2 - + S gen 

Due to the lower range of temperature we will use constant specific heats from 
A. 5 and A. 4 so the energy equation is approximated as 

0 = I ^ l H20 C pH20 ( T 2 - T l) + (T 3 - T 4 ) 

Now solve for the water flow rate 


™H20 = r ' 1 N2 C pN2 ( T 3 " T 4) 1 l C pH2C) ( T 1 “ T 2)] 

= 0.1 kg/s X 1.042 kJ/kgK x (450 -320) K / [4.18 x(35 -20) kJ/kg] 

= 0.216 kg/s 
• • • 

S gen = m N2 ( s 4 - s 3) + m H 2 0 ( S 1 ’ s 2) 


- m N 2 ^-p In (T 4 /T 3 ) + m H2 oCp In (Tj/T 2 ) 

320 308 

= 0. 1 kg/s xl .042 kJ/kgK In ^ + 0.216 kg/s x4. 18 kJ/kgK In ^ 

= -0.03552 + 0.04508 = 0.00956 kW/K 
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Air at 327°C, 400 kPa with a volume flow 1 m /s runs through an adiabatic 
turbine with exhaust pressure of 100 kPa. Neglect kinetic energies and use 
constant specific heats. Find the lowest and highest possible exit temperature. For 
each case find also the rate of work and the rate of entropy generation. 


Solution: 

C.V Turbine. Steady single inlet and exit flows, q = 0. 

Inlet state: (T, P) w= RTV R = 0.287 x 600/400 = 0.4305 m 3 /kg 


m = Y/ Vi = 1/0.4305 = 2.323 kg/s 


The lowest exit T is for maximum work out i.e. reversible case 

Process: Reversible and adiabatic => constant s from Eq.7.9 

k-1 

Eq.8.23: T g = R/P/R) k = 600 x (100/400) 0 2857 = 403.8 K 

=> w = h- - h = C Po (R - T ) = 1 .004 x ( 600 - 403.8) = 197 kJ/kg 

1C 1C 


W T = mw = 2.323 x 197 = 457.6 kW and S gen = 0 
Highest exit T occurs when there is no work out, throttling 
q = 0 ; w = 0 => h--h =0 => R = T- = 600 K 

1 C Cl 

p e 100 

S gen = m (s e - Sj) = - mR In ^: = -2.323 x 0.287 In ^ = 0.924 kW/K 
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7.105 

A counter flowing heat exchanger has one line with 2 kg/s at 125 kPa, 1000 K 
entering and the air is leaving at 100 kPa, 400 K. The other line has 0.5 kg/s water 
coming in at 200 kPa, 20°C and leaving at 200 kPa. What is the exit temperature 
of the water and the total rate of entropy generation? 


Solution: 

C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The two 
flows exchange energy with no heat 
transfer to/from the outside. 



3 water 


Energy Eq.4. 10: m AIR Ah AIR = m H20 Ah H20 

From A.7: hj - h 2 = 1046.22 - 401.3 = 644.92 kJ/kg 

From B. 1.2 h 3 = 83.94 kJ/kg; s 3 = 0.2966 kJ/kg K 

h 4 - h 3 = (m AIR /m H20 )(h i - h 2 ) = (2/0.5)644.92 = 2579.68 kJ/kg 
h 4 = h 3 + 2579.68 = 2663.62 kJ/kg < h g at 200 kPa 
T 4 = T sat = 120.23°C, 

x 4 = (2663.62 - 504.68)/2201.96 = 0.9805, 
s 4 = 1.53 + x 4 5.597 = 7.01786 kJ/kg K 
From entropy Eq.7.7 

Sgen = ^H20 ( s 4 " s 3) + m AIR( s 2 ' s l) 

= 0.5(7.01786 - 0.2966) + 2(7.1593 - 8.1349 - 0.287 In (100/125)) 
= 3.3606 - 1.823 = 1.54 kW/K 
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7.106 

A large supply line has a steady air flow at 500 K, 200 kPa. It is used in three 
different adiabatic devices shown in Fig. P9.85, a throttle flow, an ideal nozzle 
and an ideal turbine. All the exit flows are at 100 kPa. Find the exit temperature 
and specific entropy generation for each device and the exit velocity of the nozzle. 


C.V. Throttle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.4. 13: hj = h e ( Zj = Z e and V’s arc small) 

Entropy Eq.7.8: s e = Sj + I dq/T + s gen = Sj + 0 + s gen 

Since it is air we have h = h(T) so same h means same T e = Tj = 500 K 

Sgen = s e ~ s i = s Te " s Ti ~ R ln(P e / ?i) = 0 - 0.287 ln(l/2) = 0.2 kj/kg K 


C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.4. 13: hj = h e + Vg/2 ( Zj = Z e ) 

Entropy Eq.7.8: s e = Sj + I dq/T + s gen = Sj + 0 + 0 

kJ 

Use constant specific heat from Table A. 5, C Po = 1.004 ^ k = 1.4 
The isentropic process (s e = Sj) gives Eq.8.23 


k-l 

=> T e = Tj( P e /Pj) k = 500 (100/200) °' 2857 = 410 K 
The energy equation becomes: V~/2 = hj - h e = Cp( Tj - T e ) 


V e = ^2 C P ( Tj - T e ) = ^2x1.004 kJ/kgK (500-410) K x 1000 J/kJ = 424 
m/s 




Turbine: 

Process: Reversible and adiabatic => constants from Eq.7.8 

k-l 

Eq.6.23: T £ = R/PyR) k = 500 x (100/200) 0 2857 = 410 K 

=> w = h- - h = C Po (T- - T ) = 1.004 x ( 500 - 410) = 90 kJ/kg 

1C 1C 
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7.107 

In a heat-driven refrigerator with ammonia as the working fluid, a turbine with 
inlet conditions of 2.0 MPa, 70°C is used to drive a compressor with inlet 
saturated vapor at -20°C. The exhausts, both at 1.2 MPa, are then mixed together. 
The ratio of the mass flow rate to the turbine to the total exit flow was measured 
to be 0.62. Can this be true? 

Solution: 

Assume the compressor and the turbine are both adiabatic. 

C.V. Total: 

• • • 

Continuity Eq.4. 11: m 5 = nq + m 3 

• • • 

Energy Eq.4. 10: rn 5 h 5 = nqtq + m 3 h 3 

Entropy: m 5 s 5 = nqsj + m 3 s 3 + S c v gen 

s 5 = ysi + (l-y)s 3 + S c v , gen /m 5 

• • 

Assume y = nq/nq = 0.62 

State 1: Table B.2.2 tq = 1542.7 kJ/kg, sj = 4.982 kJ/kg K, 

State 3: Table B. 2.1 h 3 = 1418.1 kJ/kg, s 3 = 5.616 kJ/kg K 

Solve for exit state 5 in the energy equation 

h 5 = ytq + (l-y)h 3 = 0.62 x 1542.7 + (1 - 0.62)1418.1 = 1495.4 kJ/kg 

State 5: h 5 = 1495.4 kJ/kg, P 5 = 1200 kPa => s 5 = 5.056 kJ/kg K 

Now check the 2nd law, entropy generation 

=^> S c v gen /m 5 = s 5 - ysj - (l-y)s 3 = -0.1669 Impossible 

The problem could also have been solved assuming a reversible process 
and then find the needed flow rate ratio y. Then y would have been found 
larger than 0.62 so the stated process can not be true. 
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7.108 

Repeat problem 7.106 for the throttle and the nozzle when the inlet air 
temperature is 2500 K and use the air tables. 

C.V. Throttle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.4. 13: hj = h e ( Zj = Z e and V’s are small) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + s gen 

Since it is air we have h = h(T) so same h means same T e = Tj = 2500 K 

Sgen = s e - s i = s Te “ - R ln(P e / Pj) = 0 - 0.287 ln(l/2) = 0.2 kj/kg K 


C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.4. 13: hj = h e + V~/2 ( Zj = Z e ) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + 0 

The isentropic process (s e = Sj) gives Eq.6.19 

0 = s e - Sj = Sj e - s°j - R ln(P e / Pj) 

=> s ^ e = s^ + R ln(P e / Pj) = 9.24781 + 0.287 In (100/200) = 9.04888 
T = 2136.6 K, h e = 2422.86 kJ/kg 
The energy equation becomes 

Ve/2 = ^ - h e = 2883.06 - 2422.86 = 460.2 kj/kg 
V e = V2 x 1000x460.2 = 959 m/s 
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7.109 

Carbon dioxide used as a natural refrigerant flows through a cooler at 10 MPa, 

which is supercritical so no condensation occurs. The inlet is at 200°C and the 

exit is at 40°C. Assume the heat transfer is to the ambient at 20°C and find the 
specific entropy generation. 

C.V. Heat exchanger to ambient, steady constant pressure so no work. 

Energy Eq.4. 12: hj = h e + q out 

Entropy Eq.7.9: S; + s gen = s e + q out /T 

Using Table B.3 

q out = (hi - h e ) = 519.49 - 200.14 = 319.35 kJ/kg 

s gen “ — Sj + Qou/T 

319.35 kJ/kg 

= (0.6906 - 1.5705) kJ/kgK + 2g3 15K * = 0.2095 kJ/kgK 
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7.110 

Saturated liquid nitrogen at 600 kPa enters a boiler at a rate of 0.005 kg/s and 
exits as saturated vapor. It then flows into a super heater also at 600 kPa where it 
exits at 600 kPa, 280 K. Assume the heat transfer comes from a 300 K source and 
find the rates of entropy generation in the boiler and the super heater. 

Solution: 

C.V.: boiler steady single inlet and exit flow, neglect KE, PE energies in flow 

Continuity Eq.: m [ = m 2 = m3 

Table B.6.1: h, = -81.53 kJ/kg, s 2 = 3.294 kJ/kgK, 

h 2 = 86.85 kJ/kg, s 2 = 5.041 kJ/kgK 
Table B.6.2: h 3 = 289.05 kJ/kg, s 3 = 6.238 kJ/kgK 

Energy Eq.4.13: qboiler = h 2 - tq = 86.85 - (- 81.53) = 168.38 kJ/kg 

Qboiler = ^MOboiler = 0.005 x 168.38 = 0.842 kW 

Entropy Eq.: S gen = m , ( s 2 - s,) - Qboiler /T source 

= 0.005(5.041-3.294) - 0.842/300 = 0.0059 kW/K 
C.V. Superheater (same approximations as for boiler) 

Energy Eq.4. 13: q sup heater = h 3 - h 2 = 289.05 - 86.85 = 202.2 kJ/kg 

Qsup heater = m 2 q sup heater = 0-005 kg/s x 202.2 kJ/kg = 1.01 kW 

Entropy Eq.. S gen — rilj( S 3 — S 2 ) - Qsup heater^source 

= 0.005 kg/s (6.238-5.041)kJ/kgK - 1.01 kW/300 K 

= 0.00262 kW/K 
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A steam turbine in a power plant receives steam at 3000 kPa, 500°C. The turbine 

has two exit flows, one is 20% of the flow at 1000 kPa, 350°C to a feedwater 

heater and the remainder flows out at 200 kPa, 200°C. Find the specific turbine 
work and the specific entropy generation both per kg flow in. 


C.V. Steam turbine ( x = 0.2 = extraction fraction) 

Energy Eq.4. 13: w = hj - xh 2 - (1 - x)h 3 

Entropy Eq.7.8: s 2 = S 1 + s gen HP (full flow rate ) 

Entropy Eq.7.9: S 3 = S 2 + s gen P p [flow rate is fraction (1-x) ] 

Overall entropy gen: s gen HP = s gen HP + (1 - x) s gen LP 

Inlet state: Table B.1.3 hj = 3456.48 kJ/kg; Sj = 7.2337 kJ/kg K 

Extraction state: h 2 = 3157.65 kJ/kg, s 2 = 7.3010 kJ/kg K 

Exit (actual) state: Table B.1.3 h 3 = 2870.46; s 3 = 7.5066 kJ/kg K 

Actual turbine energy equation 

w = 3456.48 - 0.2 x 3157.65 - 0.8 x 2870.46 = 528.58 kJ/kg 
Sgen tot = 7 - 301 - 7 - 2337 + °- 8 (7-5066 - 7.301) 

= 0.232 kJ/kgK 
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7.112 

One type of feedwater heater for preheating the water before entering a boiler 
operates on the principle of mixing the water with steam that has been bled from 
the turbine. For the states as shown in Fig. P7.112, calculate the rate of net 
entropy increase for the process, assuming the process to be steady flow and 
adiabatic. 

Solution: 

CV: Feedwater heater. Steady flow, no external heat transfer. 

Continuity Eq.4.9: irq + m 2 = m 3 

Energy Eq.4.10: mjhj + (m 3 - irq)h 2 = m 3 h 3 

Properties: All states are given by (P,T) table B.1.1 and B.1.3 
hj = 168.42, h 2 = 2828 , h 3 = 675.8 allkJ/kg 

s 1 = 0.572, s 2 = 6.694, s 3 = 1.9422 all kJ/kg K 



Solve for the flow rate from the energy equation 

. _ m 3 (h 3 - h 2 ) _ 4(675.8 - 2828) 
m !~ (hj-h 2 ) “ (168.42 - 2828) “ 3231 kg/s 

=> m 2 = 4 - 3.237 = 0.763 kg/s 

The second law for steady flow, S cv = 0, and no heat transfer, Eq.7.7: 

Sc.v.,gen = Ssurr = " mjSj - m 2 s 2 

= 4(1.9422) - 3.237(0.572) - 0.763(6.694) = 0.8097 kJ/K s 
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7.113 

A coflowing (same direction) heat exchanger has one line with 0.5 kg/s oxygen at 
17°C, 200 kPa entering and the other line has 0.6 kg/s nitrogen at 150 kPa, 500 K 
entering. The heat exchanger is very long so the two flows exit at the same 
temperature. Use constant heat capacities and find the exit temperature and the 
total rate of entropy generation. 


Solution: 


C.V. Heat exchanger, 
steady 2 flows in and 
two flows out. 


Energy Eq.4.10: 


m 02 h l 



+ m N2 h3 - m 0 2h 2 + m N2 h 4 


Same exit temperature so T 4 = T 2 with values from Table A. 5 


• • • • 

m 02 C P 02 T 1 + m N2 C P N2 T 3 = ( m 02 C P 02 + m N2 C P N2) T 2 

_ 0.5 x 0,922 x 290 + 0.6 x 1,042 x 500 _ 446.29 
T 2 _ 0.5 x 0.922 + 0.6 x 1 .042 “ 1 .0862 

= 410.9 K 

Entropy Eq.7.7 gives for the generation 

Sgen = m 0 2(S2 - Si) + m N 2 (s 4 - S 3 ) 


- m 02^'P l n (T 2 /T 1 ) + m N2 C P In (T 4 /T 3 ) 

= 0.5 x 0.922 In (410.9/290) + 0.6 x 1.042 In (410.9/500) 
= 0.16064 - 0.1227 = 0.0379 kW/K 
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7.114 

A supply of 5 kg/s ammonia at 500 kPa, 20°C is needed. Two sources are 
available one is saturated liquid at 20°C and the other is at 500 kPa and 140°C. 
Flows from the two sources are fed through valves to an insulated mixing 
chamber, which then produces the desired output state. Find the two source mass 
flow rates and the total rate of entropy generation by this setup. 


Solution: 

C.V. mixing chamber + valve. Steady, no heat transfer, no work. 

Continuity Eq.4.9: 

riij + m 2 = m 3 ; 

Energy Eq.4.10: 

h 1 + rii 2 h 2 = 

Entropy Eq.7.7: 

nil S 1 + m 2 s 2 + Sgen = m 3 s 3 




State 1: Table B.2.1 hj = 273.4 kJ/kg, s 1= 1.0408 kJ/kg K 

State 2: Table B.2.2 h 2 = 1773.8 kJ/kg, s 2 = 6.2422 kJ/kg K 

State 3: Table B.2.2 h 3 = 1488.3 kJ/kg, s 3 = 5.4244 kJ/kg K 

As all states are known the energy equation establishes the ratio of mass flow 
rates and the entropy equation provides the entropy generation. 

h 3 - h 2 

irq hq +( m 3 - m 2 )h 2 = m 3 h 3 => nq = m 3 ^ = 0.952 kg/s 

1 2 


m 2 = m 3 - nq = 4.05 kg/s 

S gen = (5 x 5.4244 - 0.95 x 1.0408 - 4.05 x 6.2422) (kg/s) x (kJ/kgK) 

= 0.852 kW/K 
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7.115 

Calculate the specific entropy generated in the filling process given in Example 
4.10. 

Solution: 

C.V. Cannister filling process where: !Q 2 = 0; ( W 2 = 0 ; m 1 = 0 
Continuity Eq.4. 15: m 2 - 0 = m in ; 

Energy Eq.4. 16: m 2 u 2 - 0 = m in h line + 0 + 0 => u 2 = h line 
Entropy Eq.7.12: m 2 s 2 - 0 = m in s line + 0 + ^ gen 
Inlet state : 1.4 MPa, 300°C, hj = 3040.4 kJ/kg, Sj = 6.9533 kJ/kg K 
final state: 1.4 MPa, U 2 = hj = 3040.4 kJ/kg 

=> T 2 = 452°C, s 2 = 7.45896 kJ/kg K 

1^2 gen “ m 2^ s 2 “ s i) 

l s 2 gen = s 2 " s i = 7.45896 - 6.9533 = 0.506 kJ/kg K 
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7.116 

^2 

A 1-m rigid tank contains 100 kg R-410A at a temperature of 15°C. A valve on 
top of the tank is opened, and saturated vapor is throttled to ambient pressure, 100 
kPa, and flows to a collector system. During the process the temperature inside the 
tank remains at 15°C by heat transfer from the 20°C ambient. The valve is closed 
when no more liquid remains inside. Calculate the heat transfer to the tank and total 
entropy generation in the process. 

Solution: 

C.V. Tank out to surroundings. Rigid tank so no work term. 

Continuity Eq.4. 15: m 2 ~ m l = “ m e ^ 

Energy Eq.4. 16: m 2 u 2 - m j u j = Q cv - m e h e 

Entropy Eq.7.12: m 2 s 2 - m^ = Q C v /t sur - m e s e + s gen 
State 1: Table B.4.1, vj = Vj/mj = 1/100 = 0.000904 + x, 0.01955 
xj =0.46527, U 2 = 80.02 + 0.46527 x 177.1 = 162.42 kJ/kg 
Si = 0.3083 + 0.46527x 0.6998 = 0.6339; h e = h g = 282.79 kJ/kg 
State 2: v 2 = v g = 0.02045, u 2 = u g = 257.12, s 2 = 1 .008 1 kJ/kg K 
Exit state: h e = 282.79, P e = 100 kPa -+ T e = -18.65°C, s e = 1.2917 kJ/kgK 
m 2 = 1/0.02045 = 48.9 kg; m e = 100 - 48.9 = 51.1 kg 

Qcv = m 2 u 2 - m l u l + m e h e 

= 48.9 X 257.12 - lOOx 162.42 + 51.1 x 282.79 = 10 782 kj 
Sgen = m 2 s 2 - m^ + m e s e - Q cv / t sur 

= 48.9 x 1.0081 - 100 x 0.6339 + 51.1 x 1.2917 - 10 782 / 293.15 

= 15.14 kJ/K 
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A 0.2 m initially empty container is filled with water from a line at 500 kPa, 200 
°C until there is no more flow. Assume the process is adiabatic and find the final 
mass, final temperature and the total entropy generation. 

Solution: 

C.V. The container volume and any valve out to line. 

Continuity Eq.4.15: m 2 - mj = m 2 = mj 

Energy Eq.4.16: rm^ - irquj = rm^ = 1 Q 2 - 1 W 2 + m^ = 

Entropy Eq.7.12: m 2 S 2 - m^j = m 2 S 2 = JdQ/T + jS 2 gcn + 


Process: Adiabatic = 0 , Rigid jW 2 = 0 Flow stops P 2 = Pi; ne 
State i: hj = 2855.37 kJ/kg; Sj = 7.0592 kJ/kg K 

State 2: 500 kPa, u 2 = hj = 2855.37 kJ/kg => Table B. 1.3 

T 2 = 332.9°C , s 2 = 7.5737 kJ/kg, v 2 = 0.55387 m 3 /kg 
m 2 = V/v 2 = 0.2/0.55387 = 0.361 kg 
From the entropy equation 

1^2 gen = m 2 s 2 " m 2 s i 

= 0.361(7.5737 - 7.0592) = 0.186 kJ/K 
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An initially empty 0.1 m cannister is filled with R-410A from a line flowing 
saturated liquid at -5°C. This is done quickly such that the process is adiabatic. 
Find the final mass, liquid and vapor volumes, if any, in the cannister. Is the 
process reversible? 

Solution: 

C.V. Cannister filling process where: jQ 2 = 0 ; jW 2 = 0 ; m | = 0 
Continuity Eq.4. 15: m 2 - 0 = m in ; 

Energy Eq.4. 16: m 2 u 2 - 0 = m in h line + 0 + 0 => u 2 = h line 
1: Table B.4.1 u f = 49.65, u fg = 201.75, h f = 50.22 all kJ/kg 

2: P 2 = P line ; u 2 = h line => 2 Phase U 2 > U f ; U 2 = U f + X 2 U fg 

x 2 = (50.22 - 49.65)/201.75 = 0.002825 

=> v 2 = v f + x 2 v fg = 0.000841 + 0.002825x0.03764 = 0.0009473 m 3 /kg 
=> m 2 = V/v 2 = 105.56 kg ; m f = 106.262 kg; m g = 0.298 kg 

V f = m f v f = 0.089 m 3 ; V g = m g v g = 0.0115 m 3 
Process is irreversible (throttling) s 2 > s f 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


7.119 

AIL can of R-134a is at room temperature 20°C with a quality of 50%. A leak in 
the top valve allows vapor to escape and heat transfer from the room takes place 

so we reach final state of 5°C with a quality of 100%. Find the mass that escaped, 
the heat transfer and the entropy generation not including that made in the valve. 

CV The can of R-134a not including the nozzle/valve out to ambient 20°C 
Continuity Eq.: m 2 - m 1 = - m e 

Energy Eq.: m 2 u 2 - mjUj = - m e h e + ,Q 2 - ,W 2 

Entropy Eq.7.12: m 2 s 2 - mjSj = - m e s e + j dQ/T + ]S 2 gen 

Process Eq.: V = constant => jW 2 = J PdV = 0 

State 1: (T,x) v, = v f + x^fg = 0.000817 + 0.5 0.03524 = 0.018437 m 3 /kg 
uj = Uf + x^ifg = 227.03 + 0.5 162.16 = 308.11 kJ/kg 
Sj = s f + xjSfg = 1.0963 + 0.5 0.622 = 1.4073 kJ/kg 
mi = V / vj = 0.001 / 0.018437 = 0.05424 kg 

State 2: (T,x) 

v 2 = v g = 0.05833 m 3 /kg, u 2 = u g = 380.85 kJ/kg, s 2 = s g = 1.7239 kJ/kg K 
m 2 = V/v 2 = 0.001 / 0.05833 = 0.017144 kg 

Exit state e: Saturated vapor starting at 20°C ending at 5°C so we take an average 
h e = 0.5(h el + h e2 ) = 0.5 (409.84 + 401.32) = 405.58 kJ/kg 

s e = 0.5(s el + s e2 ) = 0.5 (1.7183 + 1.7239) = 1.7211 kJ/kg K 
m e = m 1 - m 2 = 0.0371 kg 

The heat transfer from the energy equation becomes 

jQ 2 = m 2 u 2 - m 1 u 1 + m e h e = 6.5293 - 16.7119 + 15.047 = 4.864 kj 

1^2 gen — m 2 s 2 ~ m l s l m e s e — lQ2^ am b 

= 0.029555 - 0.076332 + 0.063853 - 0.016592 = 0.000484 kJ/K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


7.120 

An empty can of 0.002 m is filled with R-134a from a line flowing saturated 
liquid R-134a at 0°C. The filling is done quickly so it is adiabatic, but after a 
while in storage the can warms up to room temperature 20°C. Find the final mass 
in the cannister and the total entropy generation. 

Solution: 

C.V. Cannister filling process where: iQ 2 = 0; iW 2 = 0 ; m j = 0 
Continuity Eq.4. 15: m 2 - 0 = m in ; 

Energy Eq.4. 16: m 2 u 2 - 0 = m in h line + 0 + 0 => u 2 = h line 
Inlet state: Table B.5. 1 h line = 200 kJ/kg, s line =1.0 kJ/kg K 
State 2: P 2 = P line and u 2 = h line = 200 kJ/kg > u f 

x 2 = (200 - 199.77) / 178.24 = 0.00129 

v 2 = 0.000773 + x 2 0.06842 = 0.000861 m 3 /kg 
m 2 = V / v 2 = 0.002/0.000861 = 2.323 kg 

State 3: T 3 = 20°C, v 3 = v 2 (m 3 = m 2 ) => 

x 3 = (0.000861 - 0.0008 17)/0.03524 = 0.0012486 

u 3 = 227.03 + x 162.16 = 227.23 kJ/kg 

s 3 = 1.0963 + x 0.622 = 1.0971 kJ/kg-K 

Energy Eq.4. 16: m 2 u 3 - m 2 u 2 = 2 Q 3 + 0 => 2 Q 3 = m 2 (u 3 - u 2 ) 

Entropy Eq.7.12: m 2 s 3 - 0 = m in s line + 2 Q 3 /T 3 + jS 3 gen 

2 Q 3 = m 2 (u 3 - u 2 ) = 2.323 (227.23 - 200) = 63.255 kJ 


1 S 3 gen = m 2( s 3 ' s line) “ 2Q3 /T 3 

= 2.323kg (1.0971 - 1) kJ/kgK - 63.255 kJ /293.15 K 

= 0.0098 kJ/K 
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7.121 

A cook filled a pressure cooker with 3 kg water at 20°C and a small amount of air 
and forgot about it. The pressure cooker has a vent valve so if P > 200 kPa steam 
escapes to maintain a pressure of 200 kPa. How much entropy was generated in 
the throttling of the steam through the vent to 100 kPa when half the original mass 
has escaped? 

Solution: 

The pressure cooker goes through a transient process as it heats water up to the 
boiling temperature at 200 kPa then heats more as saturated vapor at 200 kPa 
escapes. The throttling process is steady state as it flows from saturated vapor at 
200 kPa to 100 kPa which we assume is a constant h process. 

C.V. Pressure cooker, no work. 

Continuity Eq.6.15: m 2 - m 1 = -m e 

Energy Eq.6.16: m 2 u 2 - m , u , = -m e h e + ,Q 2 

Entropy Eq.7.12: m 2 s 2 - mjSj = -m e s e + J dQ/T + |S 2 gen 


State 1: = v f = 0.001002 m 3 /kg V = mjVj = 0.003006 m 3 

State 2: m 2 = irq/2 =1.5 kg, v 2 = V/m 2 = 2vj, P 2 = 200 kPa 

Exit: h e = h g = 2706.63 kJ/kg, s e = s g = 7.1271 kJ/kg K 

So we can find the needed heat transfer and entropy generation if we know the 
C.V. surface temperature T. If we assume T for water then jS 2 gen = 0, which is 

an internally reversible externally irreversible process, there is a AT between the 
water and the source. 


C.V. Valve, steady flow from state e (200 kPa) to state 3 (at 100 kPa). 
Energy Eq.: I 13 = h e 

Entropy Eq.: s 3 = s e + e s 3 gen generation in valve (throttle) 


State 3: 100 kPa, h 3 = 2706.63 kJ/kg Table B. 1.3 => 



S3 


2706.63 - 2675.46 

= 99.62 + (150-99.62) 2m38 _ 2675 . 46 = 1 15.2°C 
= 7.3593 + (7.6133 - 7.3593) 0.30886 = 7.4378 kJ/kg K 


e S 3 gen = m e (s 3 - s e ) = 1.5 (7.4378 - 7.1271) = 0.466 kJ/K 
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7.122 

A 10 m tall 0.1 m diameter pipe is filled with liquid water at 20°C. It is open at 
the top to the atmosphere, 100 kPa, and a small nozzle is mounted in the bottom. 
The water is now let out through the nozzle splashing out to the ground until the 
pipe is empty. Find the water initial exit velocity, the average kinetic energy in the 
exit flow and the total entropy generation for the process. 


Total mass: 
Bernoulli: 


m = pAH = p | D 2 H = 998 J 0. 1 2 x 10 = 78.383 kg 
|v 2 = gH => V : = A/2gH 1 = a/2 x 9.807 x 10 = 14 m/s 


\ V avg = § H avg = g \ Hi = 9.807 X 5 = 49 m 2 /s 2 (J/kg) 


All the energy (average kinetic energy) is dispersed in the ambient at 20°C so 


o _Q_iHw 2 78.383 kg X 49 J/kg 

°gen - T - 2T avg - 293.15 K -AJ.1J/JV 
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7.123 

A 200 L insulated tank contains nitrogen gas at 200 kPa, 300 K. A line with 
nitrogen at 500 K, 500 kPa adds 40% more mass to the tank with a flow through a 
valve. Use constant specific heats to find the final temperature and the entropy 
generation. 


C.V. Tank, no work and no heat transfer. 


Continuity Eq.6.15: 
Energy Eq.6.16: 

Entropy Eq.7.12: 
Process Eq.: 


m 2 — m ] = nij 

m 2 u 2 - m l u l = m i hj + : Q 2 

m 2 s 2 - m l s l = m i Si + 1 dQ/T + jS 2 gen 


lQ 2 = 0, m 2 = 1.4 mj; mj = 0.4 m 2 

Write hj = Uj + RTj then the energy equation contains only u’s so we can 
substitute the u differences with C v0 AT and divide by m 2 C v0 to get 


mi 


m; 


T2 — T I + T; + 

.4. 1 1 


mi R 


m 2 
1 


m 2 1 m 2 C 


Ti 


v0 


0.4 0.4 0.2968 

300 + 1 a 500 + j ^ q 745 — 414.0 K 


- 1.4 ' 1.4 

We need the pressure for the entropy 

P 2 = m 2 RT 2 /V = 1.4 Pj x T 2 /T, = 1.4 x 200 x 414/300 = 386.4 kPa 

p l v l 200x0.2 

m l = RT7 = 0.2968 x 300 = 04492 kg; m 2 = 1 - 4 m l = °- 6289 k S 

The entropy generation, with entropy difference from Eq.6.16, becomes 

lS 2 gen = m 2 s 2 “ m Ul ~ Hlj Sj = m 2 (s 2 - Sj) - m^Sj - Sj) 

TP TP 

= m 2 [C P0 ln(7p) - R ln(-ff)] - m, [C P0 ln(Ar) - R ln(4)] 

A 1 A 1 L l A 1 

414 386.4 

= 0.6289[ 1.042 ln(^) - 0.2968 InCggg-)] 

300 200 

- 0.4492 [1.042 ln(^) - 0.2968 ln^)] 

= 0.0414 kJ/K 
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7.124 

A 200 L insulated tank contains nitrogen gas at 200 kPa, 300 K. A line with 
nitrogen at 1500 K, 1000 kPa adds 40% more mass to the tank with a flow 
through a valve. Use table A. 8 to find the final temperature and the entropy 
generation. 


C.V. Tank, no work and no heat transfer. 

Continuity Eq.6.15: m 2 - lrq = nij 

Energy Eq.6.16: m 2 u 2 - irquj = hj + iQ 2 

Entropy Eq.7.12: m 2 s 2 - mjSj = lrq Sj + J dQ/T + jS 2 gen 

Process Eq.: iQ 2 = 0, m 2 =1.4m 1 ; mj = 0.4 mj 

The energy equation can be solved for u 2 to get 

m 

Ui + 

m 2 


mi i 0.4 

u 2 = — Ul + — hj = ^ 222.63 + 1235.5 = 5 12.02 kJ/kg 


o 


o 


o 


A. 8: T 2 = 679.8 K, s T2 = 7.7088 kJ/kgK, s T1 = 6.8463, s Ti = 8.6345 kJ/kgK 

We need the pressure for the entropy 

P 2 = m 2 RT 2 /V = 1.4 Pj x T 2 /T, = 1.4 x 200 x 679.8/300 = 634.5 kPa 

p l v l 200x0.2 

m l = RT7 = 0.2968 x 300 = 04492 kg; m 2 = 1 - 4 m l = 0-6289 kg 

The entropy generation, with entropy difference from Eq.6.19, becomes 
lS 2 gen = rn 2 s 2 - mjSj - mi Sj = m 2 (s 2 - Sj) - m^sj - Sj) 

P P 

r ° o / J7 2. n o o r 1 

= m 2 [s T2 - S xi - R ln(p 7 )] - m : [s T1 - s Ti - R ln(y;)] 


= 0.6289[ 7.7088 - 8.6345 - 0.2968 ln(y^y)] 

200 

- 0.4492 [6.8463 - 8.6345 - 0.2968 ln(y^yp] 

= 0.0914 kJ/K 
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7.125 

Air from a line at 12 MPa, 15°C, flows into a 500-L rigid tank that initially 
contained air at ambient conditions, 100 kPa, 15°C. The process occurs rapidly 
and is essentially adiabatic. The valve is closed when the pressure inside reaches 
some value, P 2 . The tank eventually cools to room temperature, at which time the 

pressure inside is 5 MPa. What is the pressure P 2 ? What is the net entropy change 
for the overall process? 

Solution: 

CV: Tank. Mass flows in, so this is transient. Find the mass first 


100 x 0.5 

m ! “ p l v/RT l - o .287 x 288.2 - °' 604 kg 
Fill to P2, then cool to T3 = 15°C, P3 = 5 MPa 
m 3 = m2 = P3V/RT3 


5000 x 0,5 
0.287 x 288.2 


30.225 kg 


AT 


v = C 

12 MPa / 2 1 
lin 

5 MPa 100 kPa 


Mass: m j = m 2 - mj = 30.225 - 0.604 = 29.621 kg 

In the process 1-2 heat transfer = 0 

Energy Eq. 4. 16: nijhj = m 2 U 2 - mjUj ; mjCpoTj = m 2 C v 0 T 2 - m 1 C v 0 T 1 

(29.621x1.004 + 0.604x0.7 17)x288. 2 


To = 


30.225 x 0.717 


= 401.2 K 


P 2 = m 2 RT 2 /V = (30.225 x 0.287 x 401.2)/0.5 = 6.960 MPa 
Consider now the total process from the start to the finish at state 3. 


Energy Eq.4.16: Q cv + mjhj = m 2 u 3 - lrquj = m 2 h 3 - lrqfq - (P 3 - PQV 

But, since Tj = T 3 = T | , m^hj = m 2 h 3 - m^hj 
=> Qcv = -(P 3 - PQV = -(5000 - 100)0.5 = -2450 kJ 
From Eq. 7. 13 also Eqs. 7. 24-7. 26 

Sgen = m 3 s 3 " m l s l ‘ m i s i ’ Qcv /T 0 = m 3( s 3 " s i) ' m l( s l ‘ «i) - Q C V /T 0 

= 30.225 [o-0.287 In - 0.604 [o-0.287 In + (2450 / 288.2) 

= 15.265 kJ/K 
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7.126 

An insulated piston/cylinder contains 0.1 m air at 250 kPa, 300 K and it 
maintains constant pressure. More air flows in through a valve from a line at 300 
kPa, 400 K so the volume increases 60%. Use constant specific heats to solve for 
the final temperature and the total entropy generation. 


C.V. Piston/cylinder volume, no heat transfer. 

Continuity Eq.6.15: m 2 - mj = nij 

Energy Eq.6.16: m 2 u 2 - nijUj = nij hj - | W 2 

Entropy Eq.7.12: m 2 s 2 - mjSj = irq Sj + J dQ/T + ]S- 

Process Eq.: jQ 2 = 0, V 2 =1.6V 1 ; P = C, 

,W 2 = P(V 2 - Vj) = Pj(1.6 - 1)V i = 0.6 PjVj = 0.6 mjRTj 

250x0.1 

m l - Pi Vj/RT j - x 30Q - 0.2904 kg; 


*2 gen 


Write hj = Uj + RTj then the energy equation contains only u’s so we can 
substitute the u differences with C v0 AT and get 


m 2 C vO T 2 “ m l C v0 T l = m Ao T i + mjRTj - 0.6 m , RT , 
m 2 T 2 = mjTj + mjTj [1 + (R/C v0 ) ] - 0.6 mjTjR/C^ 
In this equation m 2 , T 2 and mj are unknows however we also have 

m 2 T 2 = P 2 V 2 /R = 1.6 PjVj/R = 1.6 mjTj 
so we can solve for the mass mj. 


mjTj [1 + (R/C v0 ) ] = 1.6 mjTj - mjTj + 0.6 nijTjR/C v0 
mjTj [1+ (R/C v0 )] = 0.6 [1 + R/C v0 ] mjTj 


mj = 0.6 mj (Tj/ Tj) = 0.6 x0.2904 (300/ 400) = 0.13068 kg 

m 2 = mj + mj = 0.42108 kg; T 2 = 1.6 (mj/ m 2 ) Tj = 331 K 

The entropy generation, with entropy difference from Eq.6.16, becomes 

lS 2 gen = m 2 s 2 - mjSj - mj sj = m 2 (s 2 - sj) - mj(Sj - Sj) 

TP TP 

= m 2 [C P 0 ln( 7 p) - R ln(ff)] - m, [C P0 lnftr) - R ln(-^)] 
A i r i U r i 

331 250 

= 0.42108[ 1.004 In ( 777 :) - 0.287 lnfc)] 


300 

300 250 

- 0.2904 [1.004 lnfe) - 0.287 ln(^)] 


400 
.3 

400 


= 0.0107 kJ/K 
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7.127 

A balloon is filled with air from a line at 200 kPa, 300 K to a final state of 1 10 
kPa, 300 K with a mass of 0.1 kg air. Assume the pressure is proportional to the 
balloon volume as: P = 100 kPa + CV. Find the heat transfer to/from the ambient 
at 300 K and the total entropy generation. 


C.V. Balloon out to the ambient. Assume mj = 0 
Continuity Eq. 4. 15: m 2 - 0 = m in ; 

Energy Eq.4. 16: m 2 u 2 - 0 = m in h in + ,Q 2 - ,W 2 


Entropy Eq.7.12: 


m 2 s 2 - 0 = m in s in + 


fdQ 1Q2 

'p +1^2 gen m in s in q 1 1^2 gen 


Process Eq.: P = A + C V, A=100kPa 

State 2 (P, T): 


0.1 x0.287 x 300 o 

V 2 = m 2 RT 2 / P 2 = Y 10 = °- 078273 m 


P 2 = A + CV 2 


C = (P 2 - 100) /V 2 = 127.758 kPa/nv 


Inlet state: 


h in = h 2 = U 2 + P 2 V 2 , 



jW 2 = /P dV = /A + CV dV = A (V 2 - 0) + yC (V 2 -0) 

= 100 x 0.078273 + \ 127.758 x 0.078273 2 
= 8.219 kJ [ = q(P 0 + P 2 )V 2 = area in P-V diagram] 


lQ 2 - m 2( u 2 _ hjine) + 1 W 2 ~ “ P 2 V 2 + 1 W 2 

= - 1 10 X 0.078273 + 8.219 = -0.391 kJ 


1 S 2 gen - m 2( s 2 “ s in) 


lQ2 

T 



1Q2 

T 


= 0.1 x 0.287 


200 0.391 

ln( 110 )+ 300 


= 0.0185 kJ/K 
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7.128 

A steam turbine inlet is at 1200 kPa, 400°C. The exit is at 200 kPa. What is the 
lowest possible exit temperature? Which efficiency does that correspond to? 

We would expect the lowest possible exit temperature when the maximum 
amount of work is taken out. This happens in a reversible process so if we assume 
it is adiabatic this becomes an isentropic process. 

Exit: 200 kPa, s = s in = 7.3773 kJ/kg K => T = 171.5°C 

The efficiency from Eq.7.27 measures the turbine relative to an isentropic 
turbine, so the efficiency will be 100% . 
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7.129 

A steam turbine inlet is at 1200 kPa, 400°C. The exit is at 200 kPa. What is the 
highest possible exit temperature? Which efficiency does that correspond to? 

The highest possible exit temperature would be if we did not get any work 
out, i.e. the turbine broke down. Now we have a throttle process with constant h 
assuming we do not have a significant exit velocity. 

Exit: 200 kPa, h = h in = 3260.66 kJ/kg => T = 392°C 


Efficiency: 






Remark: Since process is irreversible there is no area under curve in T-s diagram 
that correspond to a q, nor is there any area in the P-v diagram corresponding to a 
shaft work. 
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7.130 

A steam turbine inlet is at 1200 kPa, 400°C. The exit is at 200 kPa, 200°C. What 
is the isentropic efficiency? 

Inlet: h in = 3260.66 kJ/kg, s in = 7.3773 kJ/kg K 

Exit: h ex = 2870.46 kJ/kg, s ex = 7.5066 kJ/kg K 

Ideal Exit: 200 kPa, s = Sj n = 7.3773 kJ/kg K => h s = 2812.6 kJ/kg 


w ac = h in - hex = 3260.66 - 2870.46 = 390.2 kJ/kg 
w s = h in - h s = 3260.66 - 2812.6 = 448.1 kJ/kg 
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7.131 

A compressor in a commercial refrigerator receives R-410A at -25°C and x = 1. 

The exit is at 2000 kPa and 80°C. Neglect kinetic energies and find the isentropic 
compressor efficiency. 


Solution: 


C.V. Compressor, steady state, single inlet and 
exit flow. For this device we also assume no 
heat transfer q = 0 and Zj = Z 2 



Energy Eq.4.13: 
Entropy Eq.7.9: 
From Table B.4.1 : 
From Table B.4.2 : 


hj + 0 = w c + h e ; 

Sj + | dq/T + Sg en — s e — Sj + 0 + Sg en 
hj = 269.77 kJ/kg, sj = 1 .0893 kJ/kgK 
h e = 343.22 kJ/kg, s e = 1.1537 kJ/kgK 


Energy equation gives 

w c ac = hi - h e = 269.77 - 343.22 = -73.45 kJ/kgK 
The ideal compressor has an exit state e,s: 2000 kPa, 1.0893 kJ/kgK 
Table B.4.2 => T e s ^ 60.45°C, h e s = 321.13 kJ/kg 
w c s = 269.77 - 321.13 = -51.36 kJ/kg 


The isentropic efficiency measures the actual compressor to the ideal one 
r| = w c s / w c ac = -51.36 / (-73.45) = 0.70 
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7.132 

A steam turbine has an inlet of 2 kg/s water at 1000 kPa and 400°C with velocity 

of 15 m/s. The exit is at 100 kPa, 150°C and very low velocity. Find the power 
produced and the rate of entropy generation. 


Solution: 

C.V. Turbine. Steady flow and adiabatic. 
Continuity Eq.6.9: irq = m 2 ; 

Energy Eq. 6 . 10: nq(hi+ 7 V 2 ) = m 2 h 2 + W 

• • • 

Entropy Eq.9.7: mjSj + S gen = m 2 S 2 



States from Table B.1.3: Iq = 3263.88 kJ/kg, Sj = 7.4650 kJ/kgK, 

h 2 = 2776.38 kJ/kg, s 2 = 7.6133 kJ/kgK 

to 1 15 2 

W = nq (lq+ 2 V- - h 2 ) = 2 kg/s (3263.88 + 2 - 2776.38) kJ/kg 

= 975 kW 

Sgen = mi(s 2 - Sj) = 2 kg/s (7.6133 - 7.465) kJ/kgK = 0.297 kW/K 
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7.133 

The exit velocity of a nozzle is 500 m/s. If ilnozzle = 0-88 what is the ideal exit 
velocity? 

The nozzle efficiency is given by Eq. 7.29 and since we have the actual 
exit velocity we get 

2 2 

^es = ^ac^lnozzle 

V e s = Vac/V 1 ! nozzle = 500 / foM = 533 m/s 
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7.134 

An emergency drain pump should be able to pump 0.1 m /s liquid water at 15°C, 
10 m vertically up delivering it with a velocity of 20 m/s. It is estimated that the 
pump, pipe and nozzle have a combined isentropic efficiency expressed for the 
pump as 60%. How much power is needed to drive the pump? 

Solution: 

C.V. Pump, pipe and nozzle together. Steady flow, no heat transfer. 

Consider the ideal case first (it is the reference for the efficiency). 

Energy Eq.4. 12: m^h; + V 2 /2 + gZj) + W in = m e (h e + V 2 e /2 + gZ e ) 

Solve for work and use reversible process Eq.7.15 

W ins = rn [he - hi + (V 2 e -V 2 j)/2 + g(Z e - Zj)] 

= m[( P e -Pi)v + V 2 e /2 + gAZ] 

m = V/v = 0.1/0.001001 = 99.9 kg/s 

W^s = 99.9[0 + (20 2 /2) x (1/1000) + 9.807 x (10/1000)] 

= 99.9(0.2 + 0.09807) = 29.8 kW 
With the estimated efficiency the actual work, Eq.7.28 is 

W in actual = W in s /r| = 29.8/0.6 = 49.7 kW = 50 kW 
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Find the isentropic efficiency of the R-134a compressor in Example 4.8 
Solution: 

State 1: Table B.5.2 hj = 387.2 kJ/kg; sj = 1.7665 kJ/kg K 
State 2ac: h 2 = 435.1 kJ/kg 

State 2s: s = 1 .7665 kJ/kg K, 800 kPa => h = 43 1 .8 kJ/kg; T = 46.8°C 
-w c s = h 2s - h i = 431.8 - 387.2 = 44.6 kJ/kg 

' w ac = 5/0. 1 = 50 kJ/kg 
r| = w c s / w ac = 44.6/50 = 0.89 
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A gas turbine with air flowing in at 1200 kPa, 1200 K has an exit pressure of 200 
kPa and an isentropic efficiency of 87%. Find the exit temperature. 

Solution: 


air 



W 


C.V. Ideal air turbine. 

Adiabatic: q = 0, reversible: s gen = 0 

Energy Eq. 4. 13: w T = hj - h e , 

Entropy Eq.7.9: s e = Sj 


Table A.7: 


hj = 1277.8 kJ/kg, s Xl = 8.34596 kJ/kg K 


The constant s process is written from Eq.6.19 as 


o o P e 6 200 3 

; Xe = s Ti + R ln( p7 ) = 8.34596 + 0.287 In^y^ooj = 7 - 83173 kJ/k § K 


Interpolate in A.7. 1 => T es = 761.9 K, h e s = 780.52 kJ/kg 

w t s = h i - h e s = 1277.81 - 780.52 = 497.3 kJ/kg 


The actual turbine then has 


w T ac = Pt w T s = 0.87 x 497.3 = 432.65 kJ/kg = hj - h e ac 
he ac = h i - W T ac = 1277.81 - 432.65 = 845.16 kJ/kg 
Interpolate in A.7. 1 => T e ac = 820.8 K 


If constant specific heats are used we get 

Table A. 5: C Po = 1.004 kJ/kg K, R = 0.287 kJ/kg K, k = 1.4, then from 

Eq.6.23 


k-l 

T e s = Tj (P e /Pi) k =1200 


r 




200 


1200 J 


0.286 


= 719.2 K 


w x s = C Po (Ti - T e s ) = 1.004(1200 - 719.2) = 482.72 kJ/kg 


The actual turbine then has 


W T ac = hT W T S = 0.87 X 482.72 = 419.97 kJ/kg = C Po (Ti - T e ac ) 
T e ac = Tj - w x J C Po = 1200 - 419.97/1.004 = 781.7 K 
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A gas turbine with air flowing in at 1200 kPa, 1200 K has an exit pressure of 200 
kPa. Find the lowest possible exit temperature. Which efficiency does that 
correspond to? 

Solution: 

Look at the T-s diagram for the possible processes. We notice that the lowest exit 
T is for the isentropic process (the ideal turbine) 



o 


Table A.7: hj = 1277.8 kJ/kg, s Xi = 8.34596 kJ/kg K 

The constant s process is written from Eq.6.19 as 


o o p e 62003 

s Xe = s xi + R ln( p; ) = 8.34596 + 0.287 = 7.83173 kJ/kg K 


Interpolate in A.7.1 


T e s = 761.9 K 


This is an efficiency of 100% 
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Repeat Problem 7.46 assuming the steam turbine and the air compressor each 
have an isentropic efficiency of 80%. 

A certain industrial process requires a steady supply of saturated vapor steam at 
200 kPa, at a rate of 0.5 kg/s. Also required is a steady supply of compressed air 
at 500 kPa, at a rate of 0.1 kg/s. Both are to be supplied by the process shown in 
Fig. P9.41. Steam is expanded in a turbine to supply the power needed to drive the 
air compressor, and the exhaust steam exits the turbine at the desired state. Air 
into the compressor is at the ambient conditions, 100 kPa, 20°C. Give the required 
steam inlet pressure and temperature, assuming that both the turbine and the 
compressor are reversible and adiabatic. 

Solution: 


C.V. Each device. Steady flow. 

Both adiabatic (q = 0) and actual 
devices (s gen > 0) given by r\ sT 

and r| sc . 

2 

Steam turbine Air compressor 



k-l 


%0(T 
1 00 J 


Air Eq.6.23, T 4s = T 3 (P 4 /P 3 ) k = 293.2 


0.286 


= 464.6 K 


W Cs = m 3 (h 3 - h 4s ) = 0.1 kg/s x 1.004 kJ/kgK (293.2 - 464.6) K 
= -17.21 kW 


W Cs = m 3 (h 3 - h 4 ) = W Cs /q sc = -17.2/0.80 = -21.5 kW 

Now the actual turbine must supply the actual compressor work. The actual 
state 2 is given so we must work backwards to state 1. 


W T = +21.5 kW = m^hj - h 2 ) = 0.5(hj - 2706.6) 
=> hj = 2749.6 kJ/kg 

Also, q sT = 0.80 = (hj - h 2 )/(h 1 - h 2s ) = 43/(2749.6 - h 2s ) 

^>h 2s = 2695.8 kJ/kg 

2695.8 = 504.7 + x 2s (2706.6 - 504.7) => x 2s = 0.995 1 

s 2s = 1.5301 + 0.9951(7.1271 - 1.5301) = 7.0996 kJ/kg K 
(sj = s 2s , hq) -> Pj = 269 kPa, T, = 143.5°C 
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Liquid water enters a pump at 15°C, 100 kPa, and exits at a pressure of 5 MPa. If 
the isentropic efficiency of the pump is 75%, determine the enthalpy (steam table 
reference) of the water at the pump exit. 

Solution: 

CV: pump Q C v ~ 0> AKE « 0, APE « 0 

2nd law, reversible (ideal) process: s es = Sj => 

Eq.7.15 for work term. 

es 

w s = -/ vdP * -Vj(P e - Pj) = -0.001001 m 3 /kg (5000 - 100) kPa 
i 

= -4.905 kJ/kg 

Real process Eq.7.28: w = w s /r| s = -4.905/0.75 = -6.54 kJ/kg 

Energy Eq.4.13: h e = hj - w = 62.99 + 6.54 = 69.53 kJ/kg 
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Ammonia is brought from saturated vapor at 300 kPa to 1400 kPa, 140°C in a 
steady flow adiabatic compressor. Find the compressor specific work, entropy 
generation and its isentropic efficiency. 

C.V. Actual Compressor, assume adiabatic and neglect kinetic energies. 
Energy Eq.4. 13: w c = hj - h e 

Entropy Eq.7.9: s e = Sj + s gen 

States: 1: B. 2. 2 hj = 1431.7 kJ/kg, Sj = 5.4565 kJ/kg-K 

2: B.2.2 h e = 1752.8 kJ/kg, s e = 5.7023 kJ/kg-K 

-w c = h e - hj = 1752.8 - 1431.7 = 321.1 kJ/kg 

Ideal compressor. We find the exit state from (P,s). 

State 2s: P e , s e s = Sj = 5.4565 kJ/kg-K ■=> h e s = 1656.08 kJ/kg 

- w c s = h 2s - h i = 1656.08 - 1431.7 = 224.38 kJ/kg 


224.38 


he = - w c S / - w c = 321.1 = 0699 
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Find the isentropic efficiency of the nozzle in example 4.4. 

Solution: 

C.V. adiabatic nozzle with known inlet state and velocity. 

Inlet state: B.1.3 hj = 2850.1 kJ/kg; Sj = 6.9665 kJ/kg K 

Process ideal: adiabatic and reversible Eq.7.9 gives constant s 

ideal exit, (150 kPa, s) ; x es = (6.9665 - 1.4335)/5.7897 = 0.9557 

h es = h f + x es h fa = 2594.9 kJ/kg 

\; s /2 = hi - h es + vf/2 = 2850.1 - 2594.9 + (50 2 )/2000 = 256.45 kJ/kg 
V es = 716.2 m/s 
From Eq.7.30, 

Pnoz .= (Vg/2)/( Vg S /2) = 180/256.45 = 0.70 
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A centrifugal compressor takes in ambient air at 100 kPa, 17°C, and discharges it 
at 450 kPa. The compressor has an isentropic efficiency of 80%. What is your 
best estimate for the discharge temperature? 

Solution: 

C.V. Compressor. Assume adiabatic, no kinetic energy is important. 

Energy Eq. 4. 13: w = hj - 112 


Entropy Eq.7.9: s 2 = Si + s gen 


We have two different cases, the ideal and the actual compressor. 
We will solve using constant specific heat. 

State 2 for the ideal, s gcn = 0 so S 2 = S] and it becomes: 


Eq.8.23: T 2s = T 1 


fP 2 ^ 


v p v 


k-1 

k = 290 (450 / 100)°' 2857 = 445.7 K 


w s = h : - h 2s = C (Tj - T 2s ) = 1.004 (290 - 445.7) = -156.3 kJ/kg 


The actual work from definition Eq.7.28 and then energy equation: 
w ac = w s /r| = -156.3 / 0.8 = -195.4 kJ/kg = hj - h 2 = C p (Tj - T 2 ) 


=> T 2 = T 1- W ac/C p 

= 290 + 195.4/1.004 = 484.6 K 


Solving using Table A. 7.1 instead will give 

State 1: Table A.7.1: Sjj = 6.83521 kJ/kg K 

Now constant s for the ideal is done with Eq.6.19 

s T2s = Sti + R ln(^) = 6.83521 + 0.287 ln(y|[j) = 7.26688 kJ/kg K 

From A.7.1: T 2s = 442.1 K and h 2s = 446.795 kJ/kg 

w s = hj - h 2s = 290.43 - 446.795 = -156.4 kJ/kg 
The actual work from definition Eq.7.28 and then energy equation: 
w ac = w/q = -156.4 / 0.8 = -195.5 kJ/kg 

=> h 2 = 195.5 + 290.43 = 485.93, Table A.7.1: T 2 = 483 K 
The answer is very close to the previous one due to the modest T’s. 
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A refrigerator uses carbon dioxide that is brought from 1 MPa, -20°C to 6 MPa 
using 2 kW power input to the compressor with a flow rate of 0.02 kg/s. Find the 
compressor exit temperature and its isentropic efficiency. 


C.V. Actual Compressor, assume adiabatic and neglect kinetic energies. 


Energy Eq.4.13: 


— w c = h 2 - h 



W 

m 


2 kW 
0.02 kg/s 


= 100 kJ/kg 


Entropy Eq. 7.9: s 2“ s l + s gen 

States: 1: B.3.2 fq = 342.31 kJ/kg, Sj = 1.4655 kJ/kg-K 

2: B.3.2 h 2 = hj - w c = 442.31 kJ/kg O T 2 = 117.7°C 

Ideal compressor. We find the exit state from (P,s). 

State 2s: P 2 , s 2s = Sj = 1.4655 kJ/kg-K ■=> h 2s = 437.55 kJ/kg 


-w c s = h 2s - Iq = 437.55 - 342.31 = 95.24 kJ/kg 


r, c = -w c s / -w c 


95.24 

100 


= 0.952 
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The small turbine in Problem 7.33 was ideal. Assume instead the isentropic 
turbine efficiency is 88%. Find the actual specific turbine work and the entropy 
generated in the turbine. 

Solution: 


Continuity Eq.4. 1 1 : (Steady) 

• • • • 

m t = m 2 = m3 = m 

Turbine: Energy Eq.4. 13: 
w T = h] - h 2 



Entropy Eq.7.9: s 2 = s : + s T gen 

Inlet state: Table B. 1.3 fq = 3917.45 kJ/kg, Sj = 7.9487 kJ/kg K 
Ideal turbine s T gen = 0, s 2 = Sj = 7.9487 = s^ + x s fg2 
State 2: P=10kPa, s 2 < s g => saturated 2-phase in Table B. 1.2 
=> x 2;S = (Sj - s f2 )/s fg2 = (7.9487 - 0.6492)/7.501 = 0.9731 
=> h 2s = h c + xx h fg2 = 191.8 + 0.9731 x 2392.8 = 2520.35 kJ/kg 
w T,s = hj - h 2s = 1397.05 kJ/kg 


Explanation for the 
reversible work term is 
in sect. 7.3 
Eq.7.14 


Ap 



At 



w T,ac = B x w t,s = 1229.9 kJ/kg 

= h l - h 2,AC => h 2,AC = h l ' W T,AC = 2687.5 kJ/k g 
=> T 2 AC = 100°C , s 2 AC = 8.4479 kJ/kg-K 

S T gen = S 2,AC - s l = 0.4992 kJ/kg K 
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Redo Problem 7.41 assuming the compressor and turbine in the turbocharger both 
have isentropic efficiency of 85%. 


CV: Turbine, Steady single inlet and exit flows, 


Process: adiabatic: q = 0, 

reversible: s gen = 0 

EnergyEq.4. 13: w x = h 3 - h 4 , 

Entropy Eq.7.8: S4 = S3 



The property relation for ideal gas gives Eq.6.23, k from Table A. 5 

k_1 H 0030.286 


s 4 = s 3 -> T 4 = T 3 (P 4 /P 3 ) k = 923.2 K = 793.2 K 

The energy equation is evaluated with specific heat from Table A. 5 

w T s = h 3 - h 4 = C po (T 3 - T 4 ) = 1.004(923.2 - 793.2) = 130.5 kJ/kg 


The actual turbine : w x ac = q T w x s = 130.5 x 0.85 = 1 10.9 kJ/kg 


W x = mw T = 1 10.9 kJ/kg x 0. 1 kg/s = 11.09 kW 
C.V. Compressor, steady 1 inlet and 1 exit, same flow rate as turbine. 
Energy Eq.4.13: -w c = h 2 - fq , 

Entropy Eq.7. 9: s 2 = si 


Express the energy equation for the shaft and actual compressor having the 
actual turbine power as input with the same mass flow rate so we get 

- W C ac = - W C 1 0c = C Po( T 2 s ' T lVn C = W T ac = 1 10 - 9 kJ/k g 


= 1.004(T 2 ac - 303.2) = 1.004(T 2 s - 303.2)/0.85 
T 2 ac = 413.66 K, T 2s = 397.09 K 


The property relation for s 2 = Sj (only for ideal) is Eq.6.23 and inverted as 


_k_ 

P 2 = Pi(T 2s /Ti)k-l 


= 100 kPa 


(397.093 3-5 
( 303.2 J 


= 257 kPa 
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A pump receives water at 100 kPa, 15°C and a power input of 1.5 kW. The pump 
has an isentropic efficiency of 75% and it should flow 1.2 kg/s delivered at 30 m/s 
exit velocity. How high an exit pressure can the pump produce? 

Solution: 

CV Pump. We will assume the ideal and actual pumps have same exit 
pressure, then we can analyse the ideal pump. 

Specific work: w ac = 1.5/1. 2 = 1.25 kJ/kg 

Ideal work Eq.7.28: w s = r\ w ac = 0.75 x 1.25 = 0.9375 kJ/kg 

As the water is incompressible (liquid) we get 
Energy Eq.7.14: 

w s = (P e - p i)v + V 2 e /2 = (P e - Pi)0.001001 + (30 2 /2)/1000 
= (P e - Pi)0.001001 +0.45 

Solve for the pressure difference 

P e - p i = (w s - 0.45)/0.001001 = 487 kPa 

P e = 587 kPa 



Water pump from a car 
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A turbine receives air at 1500 K, 1000 kPa and expands it to 100 kPa. The turbine 
has an isentropic efficiency of 85%. Find the actual turbine exit air temperature 
and the specific entropy increase in the actual turbine using Table A. 7. 

Solution: 

C.V. Turbine, steady single inlet and exit flow. 

To analyze the actual turbine we must first do the ideal one (the reference). 
Energy Eq.4.13: w T = h 1 - h 2 ; 

Entropy Eq.7. 9: s 2 = S 1 + s gen = S 1 

Entropy change in Eq.6.19 and Table A. 7.1: 

s° 2 = Sjj + R ln(P 2 /Pj) = 8.61208 + 0.287 ln( 100/1 000) = 7.95124 
Interpolate in A. 7 => T 2s = 849.2, h 2s = 876.56 => 

w T = 1635.8 - 876.56 = 759.24 kJ/kg 
Now we can consider the actual turbine from Eq.7. 27 and Eq.4.13: 

w ac = Ot w T = 0-85 x 759.24 = 645.35 = h 1 - h 2ac 

=> h 2ac = h,-vv = 990,45 => T 2ac = 951 K 

The entropy balance equation is solved for the generation term 

Sgen = s 2ac - Si = 8.078 - 8.6121 - 0.287 ln( 100/1 000) = 0.1268 kJ/kg K 
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Air enters an insulated turbine at 50°C, and exits the turbine at - 30°C, 100 kPa. 
The isentropic turbine efficiency is 70% and the inlet volumetric flow rate is 20 
L/s. What is the turbine inlet pressure and the turbine power output? 

Solution: 

C.V.: Turbine, q s = 0.7, Insulated 

Air table A.5 : C p = 1 .004 kJ/kg K, R = 0.287 kJ/kg K, k = 1 .4 

Inlet: Tj = 50°C, Yj = 20 L/s = 0.02 m 3 /s ; 

Exit (actual): T e = -30°C, P e = 100 kPa 

1 st Law Steady state Eq.4. 13: q x + hj = h e + w x ; q x = 0 

Assume Constant Specific Heat 

w x = hj - h e = C p (Tj - T e ) = 80.3 kJ/kg 

w Ts = w/q = 1 14.7 kJ/kg, w Ts = CpC^ - T es ) 

Solve for T es = 208.9 K 

k 

Isentropic Process Eq.6.23: P e = Pj (T e / Tj) k_1 => Pj = 461 kPa 

m = PjV/RTj = (461 kPa x 0.02 m 3 /s) /(0.287 kJ/kg-K x 323.15 K) 

= 0.099 kg/s 

W x = mw x = 0.099 kg/s x 80.3 kJ/kg = 7.98 kW 
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Carbon dioxide, CO 2 , enters an adiabatic compressor at 100 kPa, 300 K, and exits 
at 1000 kPa, 520 K. Find the compressor efficiency and the entropy generation for 
the process. 

Solution: 

C.V. Ideal compressor. We will assume constant heat capacity. 

Energy Eq.4.13: w c = hj - h 2 , 


Entropy Eq.7.9: 



s 2 - S 1 : T 2 s - T 1 


fPn\— 


v p u 


= 300 


^ 0003 0-2242 

1 100 J 


= 502.7 K 


T 2s ) = 0.842(300-502.7) = -170.67 kJ/kg 


C.V. Actual compressor 

w cac = C p( T l - T 2ac) = 0.842(300 - 520) = -185.2 kJ/kg 


q c = w cs /w cac = -170.67/(-185.2) = 0.92 


Use Eq.6.16 for the change in entropy 

Sgen = s 2ac - 1 = C p In (T 2ac /T|) - R In (P 2 /Pi) 

= 0.842 ln(520 / 300) - 0.1889 ln(1000 / 100) = 0.028 kJ/kg K 



Constant heat capacity is not the best approximation. It would be more accurate to 
use Table A. 8. Entropy change in Eq.6.19 and Table A. 8: 

Sj 2 = Sj l +R ln^/Pj) = 4.8631 + 0.1889 ln(1000/100) = 5.29806 

Interpolate in A. 8 => T 2s = 481K, h 2s = 382.807 kJ/kg => 

-w cs = 382.807 - 214.38 = 168.43 kJ/kg; -w cac = 422.12 - 214.38 = 207.74 kJ/kg 

q c = w cs /w cac = -168.43/(-207.74) = 0.81 

s gen = s 2ac - Si = 5.3767-4.8631 -0.1889 ln(10) = 0.0786 kJ/kgK 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


7.150 

A small air turbine with an isentropic efficiency of 80% should produce 270 kJ/kg 
of work. The inlet temperature is 1000 K and it exhausts to the atmosphere. Find 
the required inlet pressure and the exhaust temperature. 

Solution: 

C.V. Turbine actual energy Eq.4.13: 

w = hj - h e ac = 270 kJ/kg 

Table A.7: = 1046.22 => h eac = 776.22 kJ/kg, T e = 757.9 K 

C.V. Ideal turbine, Eq.7.27 and energy Eq.4.13: 

w s = w/r) s = 270/0.8 = 337.5 = hj - h e s => h e s = 708.72 kJ/kg 

From Table A.7: T e s = 695.5 K 

Entropy Eq.7.9: Sj = s e s adiabatic and reversible 

To relate the entropy to the pressure use Eq.6.19 inverted and standard 
entropy from Table A.7.1: 

P e /Pi = exp[ (s° e - s°j ) / R j = exp[(7.733 - 8.13493)/0.287] = 0.2465 
Pi = P e / 0.2465 = 101.3/0.2465 = 411 kPa 



If constant heat capacity were used 

T e = Tj - w/C p = 1000 - 270/1.004 = 731 K 

C.V. Ideal turbine, Eq.7.27 and energy Eq.4.13: 

w s = w/r) s = 270/0.8 = 337.5 kJ/kg = hj - h e s = C p (Tj - T e s ) 

T e, s = T i - w s /C p = 1000 - 337.5/1.004 = 663.8 K 
Eq.7.9 (adibatic and reversible) gives constant s and relation is Eq.6.23 

P e /Pi = (T/Ti) 1 ^ 1 ) => Pi = 101.3 (1000/663.8) 3 - 5 = 425 kPa 
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A compressor in an industrial air-conditioner compresses ammonia from a state of 
saturated vapor at 200 kPa to a pressure 800 kPa. At the exit, the temperature is 

measured to be 100°C and the mass flow rate is 0.5 kg/s. What is the required 
motor size for this compressor and what is its isentropic efficiency? 

C.V. Compressor. Assume adiabatic and neglect kinetic energies. 

Energy Eq.4. 13: w = hj-h 2 

Entropy Eq.7.9: s 2 = S 1 + s gen 

We have two different cases, the ideal and the actual compressor. 

States: 1: B.2.2: hj = 1419.6 kJ/kg, v, = 0.5946 m 3 /kg, Sl = 5.5979 kJ/kg K 

2ac: B.2.3 h 2 AC = 1670.6 kJ/kg, v 2 AC = 0.21949 m 3 /kg 

2s: B.2.3 (P, s = sj) h 2s = 1613.7 kJ/kg, T 2s = 76.6°C 
ACTUAL: 

~ w c,ac = ^2,ac - hj = 1670.6 - 1419.6 = 251 kJ/kg 
W in = m (-w c AC ) = 0.5 kg/s x 251 kJ/kg = 125.5 kW 

IDEAL: 

-w c>s = h 2 s - hj = 1613.7 - 1419.6 = 194.1 kJ/kg 
Definition Eq.7.28: q c = w c s /w c AC = 0.77 
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Repeat Problem 7.48 assuming the turbine and the pump each have an isentropic 
efficiency of 85%. 

Solution: 



: : t>W, 


T 


Pj = P 4 = 20 MPa 
T : = 700 °C 
P 2 = P 3 = 20 kPa 
T 3 = 40 °C 
p P = px = 85% 


a) State 1: (P, T) Table B.1.3 h, = 3809.1 kJ/kg, s 2 = 6.7993 kJ/kg K 

C.V. Turbine. First we do the ideal, then the actual. 

Entropy Eq.7.9: s 2 = S} = 6.7993 kJ/kg K 

Table B. 1.2 s 2 = 0.8319 + x 2 x 7.0766 => x 2 = 0.8433 

h 2 s = 251.4 + 0.8433 x 2358.33 = 2240.1 kJ/kg 
Energy Eq.4.13: w T s = fq - h 2 s = 1569 kJ/kg 


W T ac = BtWt s = 1333.65 = hj - h 2 AC 
h 2 AC= h l - W T AC = 2475.45 kJ/kg; 

X 2,AC = (2475.45 - 251.4)/2358.3 = 0.943 , T 2)AC =60.06°C 

b) 

State 3: (P, T) Compressed liquid, take sat. liq. Table B.1.1 

h 3 = 167.54 kJ/kg, v 3 = 0.001008 m 3 /kg 


w P s = - v 3 ( P 4 - P 3 ) = -0.001008(20000 - 20) = -20.1 kJ/kg 


- w p,ac = -wp, s /p p = 20.1/0.85 = 23.7 = h 4 AC - h 3 
h 4 , AC = 191.2 T 4 AC = 45.7°C 

c) The heat transfer in the boiler is from energy Eq.4. 13 
qboiier = h l - h 4 = 3809.1 - 191.2 = 3617.9 kJ/kg 
w net = 1333.65 - 23.7 = 1310 kJ/kg 

1310 

T^Th w ner9boiler 3617 9 
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Assume an actual compressor has the same exit pressure and specific heat transfer 
as the ideal isothermal compressor in Problem 7.27 with an isothermal efficiency 
of 80%. Find the specific work and exit temperature for the actual compressor. 

Solution: 

C.V. Compressor. Steady, single inlet and single exit flows. 

Energy Eq. 4. 13: hj + q = w + h e ; 

Entropy Eq.7.9: Sj + q/T = s e 

Inlet state: Table B. 5. 2, hj = 403.4 kJ/kg, Sj = 1.8281 kJ/kg K 

Exit state: Table B. 5.1, h e = 398.36 kJ/kg, s e = 1.7262 kJ/kg K 

q = T(s e - Sj) = 273.15(1.7262 - 1.8281) = - 27.83 kJ/kg 

w = 403.4 + (-27.83) - 398.36 = -22.8 kJ/kg 
From Eq.7.29 for a cooled compressor 

w ac = w x /r i = - 22.8/0.8 = 28.5 kJ/kg 

Now the energy equation gives 

h e = hj + q - w ac = 403.4 + (-27.83) + 28.5= 404.07 

T e ac * 6°C 

Explanation for the 

reversible work term is 
in Sect. 7.3 

Eqs. 7.13 and 7.14 
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A nozzle in a high pressure liquid water sprayer has an area of 0.5 cm . It receives 
water at 350 kPa, 20°C and the exit pressure is 100 kPa. Neglect the inlet kinetic 
energy and assume a nozzle isentropic efficiency of 85%. Find the ideal nozzle 
exit velocity and the actual nozzle mass flow rate. 

Solution: 

C.V. Nozzle. Liquid water is incompressible v « constant, no work, no heat 
transfer => Bernoulli Eq.7. 17 

- 0 = v(Pj - P e ) = 0.001002 ( 350 - 100) = 0.2505 kJ/kg 

V ex = \j2 x 0.2505 x 1000 J/kg = 22.38 m s _1 
This was the ideal nozzle now we can do the actual nozzle, Eq. 7.30 

2 V ex ac = n 2 V ex = °' 85 x 0.2505 = 0.2129 kJ/k § 

V exac = ^2 X 0.2129 X 1000 J/kg = 20.63 m s _1 

m= pAV ex ac = AV ex ac /v = 0.5 x 10' 4 x 20.63 / 0.001002 = 1.03 kg/s 



These are examples of relatively low pressure spray systems. 
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Air flows into an insulated nozzle at 1 MPa, 1200 K with 15 m/s and mass flow 
rate of 2 kg/s. It expands to 650 kPa and exit temperature is 1 100 K. Find the exit 
velocity, and the nozzle efficiency. 

Solution: 

C.V. Nozzle. Steady 1 inlet and 1 exit flows, no heat transfer, no work. 
Energy Eq.4.13: hj + (1/2)V~ = h e + (l/2)vf 


s i s gen — s e 


Entropy Eq.7.9: 

Ideal nozzle s gen = 0 and assume same exit pressure as actual nozzle. Instead 

of using the standard entropy from Table A. 7 and Eq.6.19 let us use a constant 
heat capacity at the average T and Eq.6.23. First from A.7.1 

1277.81 - 1161.18 

1200- 1100 -1-166 kJ/kg K; 


C, 


p 1150 — 

c v = Cp 1150 - R =l.i66- 0.287 = 0.8793, k = C p n 50 /C v = 1.326 

Notice how they differ from Table A.5 values. 

k-1 


T e s = Tj (P e /Pi) k =1200 




650 


1000J 


0.24585 


= 1079.4 K 


i V es = | V i 2 + C(Ti - T es )= | xl5 2 + 1.166(1200- 1079.4) x 1000 


= 112.5 + 140619.6 = 140732 J/kg 
Actual nozzle with given exit temperature 


V e s = 530.5 m/s 


7 V e ac = 7 V ? + h i ' h e ac = 112 - 5 + 1-166(1200 - 1100) x 1000 

= 116712.5 J/kg 


0 


noz 


V e ac = 483 m/s 


1 2 l 2 l 2 l 2 

= (-\ _ Ay. y (Ay _ Ay . ) - 

^2 Y e ac 2 i ; v 2 e s 2 1 J 


- (hi - he. Ac)/(hi - he, s) = 


116600 

140619.6 


= 0.829 
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A nozzle is required to produce a flow of air at 200 m/s at 20°C, 100 kPa. It is 
estimated that the nozzle has an isentropic efficiency of 92%. What nozzle inlet 
pressure and temperature is required assuming the inlet kinetic energy is 
negligible? 

Solution: 

C.V. Air nozzle: P e , T e (real), V e (real), r| s (real) 

2 

For the real process: hj = h e + V e /2 or 

Tj = T e + Vg/2C P0 = 293.2 + 200 2 /2 x 1000 x 1.004 = 313.1 K 
For the ideal process, from Eq.7.30: 

\ 2 J2 = Vg/2r| s = 200 2 /2 x 1000 x 0.92 = 21.74 kJ/kg 

2 

and hi = h es + (V es /2) 

T es = Tj - Vg S /(2C P0 ) = 313.1 - 21.74/1.004 = 291.4 K 


The constant s relation in Eq.6.23 gives 

— /313.P 

l291.4j 


Pi = P e (Tj/T es ) k “ 1 = 100 


3.50 


= 128.6 kPa 
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A water-cooled air compressor takes air in at 20°C, 90 kPa and compresses it to 
500 kPa. The isothermal efficiency is 88% and the actual compressor has the 
same heat transfer as the ideal one. Find the specific compressor work and the exit 
temperature. 

Solution: 

Ideal isothermal compressor exit 500 kPa, 20°C 
Reversible process: dq = T ds => q = T(s e - Sj) 

q = T(s e - Si ) = T[s° Te -s° Tl -R ln(P e / Pi)] 

= - RT in (P e / Pj) = - 0.287 x 293.15 in (500/90) = - 144.3 kJ/kg 
As same temperature for the ideal compressor h e = hj => 

w = q = -144.3 kJ/kg => w ac = w/rj = - 163.98 kJ/kg, q ac = q 

Now for the actual compressor energy equation becomes 
q ac + hj = h e ac + w ac => 

he ac - hi = q ac - w ac = - 144.3 - (-163.98) = 19.7 kJ/kg * C p (T e ac - Tj) 

T e ac = Ti + 19.7/1.004 = 39.6°C 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Review Problems 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


7.158 

A flow of saturated liquid R-410A at 200 kPa in an evaporator is brought to a 

state of superheated vapor at 200 kPa, 20°C. Assume the process is reversible find 
the specific heat transfer and specific work. 

C.V. Evaporator. From the device we know that potential and kinetic energies are 
not important (see chapter 6). 

Since the pressure is constant and the process is reversible from Eq.7.14 
w = -JvdP + 0 + 0 — 0 = 0 
From energy equation 

hj + q = w + h e = h e ; q = h e -hi 
State i: hj = 4.18 kJ/kg, State e: h e = 311.78 kJ/kg 

q = -hi = 311.78 -4.18 = 307.6 kj/kg 
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A flow of R-410A at 2000 kPa, 40°C in an isothermal expander is brought to a 
state of 1000 kPa in a reversible process. Find the specific heat transfer and work. 

C.V. Expander. Steady reversible, single inlet and exit flow. Some q and w 
Energy Eq. 4. 13: hj +q = w + h e ; 

Entropy Eq.7.9: Sj + j dq/T + s gen = s e 

Process: T = constant so I dq/T = q/T and reversible s gen = 0 

State i: hj = 295.49 kJ/kg, sj = 1.0099 kJ/kg-K 
State e: h e = 316.05 kJ/kg, s e = 1.1409 kJ/kg-K 

From entropy equation 

q = T (s e - Sj) = 313.15 K (1.1409 - 1.0099) kJ/kg-K = 41.023 kJ/kg 
From the energy equation 

w = hj - h e + q = 295.49 - 316.05 + 41.023 = 330.46 kJ/kg 
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A coflowing heat exchanger has one line with 2 kg/s saturated water vapor at 100 
kPa entering. The other line is 1 kg/s air at 200 kPa, 1200 K. The heat exchanger 
is very long so the two flows exit at the same temperature. Find the exit 
temperature by trial and error. Calculate the rate of entropy generation. 

Solution: 



Energy: m H2 o (h 2 - h , ) = m air (h 3 - h 4 ) 

State 1: Table B.1.2 hj = 2675.5 kJ/kg State 2: 100 kPa, T 2 

State 3: Table A.7 h 3 = 1277.8 kJ/kg, State 4: 200 kPa, T 2 

Only one unknown T 2 and one equation the energy equation: 

2( h 2 - 2675.5) = 1(1277.8 - h 4 ) => 1 kg/s x (2h 2 + h 4 ) = 6628.8 kW 

At 500 K: h 2 = 2902.0, h 4 = 503.36 => LHS = 6307 too small 
At 700 K: h 2 = 3334.8, h 4 = 713.56 => LHS = 7383 too large 
Linear interpolation T 2 = 560 K, h 2 = 3048.3, h 4 = 565.47 => LHS = 6662 
Linal states are with T 2 = 554.4 K = 281 °C 

H20: Table B. 1.3, h 2 = 3036.8 kJ/kg, s 2 = 8.1473, Sj = 7.3593 kJ/kg K 
AIR: Table A.7, h 4 = 559.65 kJ/kg, s T4 = 7.4936, s T3 = 8.3460 kJ/kg K 
The entropy balance equation, Eq.7.7, is solved for the generation term: 

Sgen = ™H 2 0 ( s 2 ' s l) + ^air ( s 4‘ s 3) 

= 2(8.1473 - 7.3593) +1 (7.4936 - 8.3460) = 0.724 kW/K 
No pressure correction is needed as the air pressure for 4 and 3 is the same. 
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Air at 100 kPa, 17°C is compressed to 400 kPa after which it is expanded through 
a nozzle back to the atmosphere. The compressor and the nozzle both have an 
isentropic efficiency of 90% and are adiabatic. The kinetic energy into and out of 
the compressor can be neglected. Find the compressor work and its exit 
temperature and find the nozzle exit velocity. 



Energy Eq.4. 13: hj + 0 = w c + h 2 ; 

Entropy Eq.7.8: S| + 0/T + 0 = s 2 


- w Cs = h 2 - hj , s 2 = sj 


Properties use air Table A. 5: C Po = 1.004 R = 0.287 ^ k = 1 .4, 

Process gives constant s (isentropic) which with constant C Po gives Eq.6.23 

k-1 

=> T 2 = T,( P 2 /Pj) k = 290 (400/100) 02857 = 430.9 K 
=> -w Cs = C Po (T 2 - Tj) = 1.004 (430.9 - 290) = 141.46 kj/kg 


The ideal nozzle then expands back down to state 1 (constant s). The actual 
compressor discharges at state 3 however, so we have: 

w c = Wcs/Pc = -157.18 => T 3 = Tj - w c /Cp = 446.6 K 

Nozzle receives air at 3 and exhausts at 5. We must do the ideal (exit at 4) 
first. 

k-1 

s 4 = s 3 => Eq.6.23: T 4 = T 3 (P 4 /P 3 ) k = 300.5 K 

\\] = C p (T 3 - T 4 ) = 146.68 => \ V 2 C = 132 kJ/kg => V ac = 513.8 m/s 
If we need it, the actual nozzle exit (5) can be found: 

T 5 = T 3 - V 2 J2C = 315 K 
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A vortex tube has an air inlet flow at 20°C, 200 kPa and two exit flows of 100 
kPa, one at 0°C and the other at 40°C. The tube has no external heat transfer and 
no work and all the flows are steady and have negligible kinetic energy. Find the 
fraction of the inlet flow that comes out at 0°C. Is this setup possible? 

Solution: 

C.V. The vortex tube. Steady, single inlet and two exit flows. No q or w. 

Continuity Eq.: 1*0 = rii 2 + m 3 ; Energy: m 1 h 1 = m 2 h 2 + n^l^ 

• • • • 

Entropy: m^j + S gen = m 2 s 2 + 1113 S 3 

States all given by temperature and pressure. Use constant heat capacity to 
evaluate changes in h and s. Solve for x = m 2 /m 1 from the energy equation 

n^/irq = 1 - x; Iq = x h 2 + ( 1 -x) I 13 

=> x = (hi - h 3 )/(h 2 - h 3 ) = (Tj - T 3 )/(T 2 - T 3 ) = (20-40)/(0-40) = 0.5 
Evaluate the entropy generation (assuming constant specific heat) 

Sgen/rn 1 = x s 2 + (l-x)s 3 - Sj = 0.5(s 2 - Sj ) + 0.5(s 3 - Sj ) 

= 0.5 [C„ ln(T 2 / T : ) - R ln(P 2 / Pj)] + 0.5[C p ln(T 3 / Tj) - R ln(P 3 / Pj)] 

= 0.5 [ 1 .004 ln( ) - 0.287 ln( )] 

+ 0.5 [ 1 .004 ln( ) - 0.287 ln( || )] 

= 0.1966 kj/kg K > 0 So this is possible. 
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Air enters an insulated turbine at 50°C, and exits the turbine at - 30°C, 100 kPa. 
The isentropic turbine efficiency is 70% and the inlet volumetric flow rate is 20 
L/s. What is the turbine inlet pressure and the turbine power output? 

C.V.: Turbine, q s = 0.7, Insulated 

Air: C p = 1.004 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4 

Inlet: Tj = 50°C, Vj = 20 L/s = 0.02 m 3 /s 

Exit: T e = -30°C, P e = 100 kPa 

a) Energy Eq., steady flow: q + hj = h e + w T ; q = 0 

Assume Constant Specific Heat 

w x = h { - h e = C p (Ti - T e ) = 80.3 kJ/kg 

w Xs = w/q = 1 14.7 kJ/kg, w Xs = C p (Tj - T es ) 

Solve for T es = 208.9 K 

k 

Isentropic Process: P g = P ( (T g / T ; ) l<_ 1 => P ; = 461 kPa 

b) W x = mw x ; m = PV/RT = 0.099 kg/s => W x = 7.98 kW 
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A stream of ammonia enters a steady flow device at 100 kPa, 50°C, at the rate of 
1 kg/s. Two streams exit the device at equal mass flow rates; one is at 200 kPa, 
50°C, and the other as saturated liquid at 10°C. It is claimed that the device 
operates in a room at 25°C on an electrical power input of 250 kW. Is this 
possible? 

Solution: 


Control volume: Steady device out 
to ambient 25 °C. 



Steady 

device 


Q 


V 


w 


el 


Energy Eq.4.10: m \h\ + Q + W el = n^h 2 + m 3^3 

Entropy Eq.7.7: m , s , + Q/T room + S gen = m 2 s 2 + m 3 s 3 

State 1: Table B.2.2, hj = 1581.2 kJ/kg, sj = 6.4943 kJ/kg K 

State 2: Table B.2.2 h 2 = 1576.6 kJ/kg, s 2 = 6.1453 kJ/kg K 

State 3: Table B.2.1 h 3 = 226.97 kJ/kg, s 3 = 0.8779 kJ/kg K 

From the energy equation 

Q = 0.5 x 1576.6 + 0.5 x 226.97 - 1 x 1581.2 - 250 = -929.4 kW 
From the entropy equation 

S gen = 0.5x6.1453 + 0.5 x 0.8779 - 1 x 6.4943 - (-929.4)/298.15 
= 0.1345 kW/K>0 

since S gen > 0 this is possible 
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In a heat -powered refrigerator, a turbine is used to drive the compressor using the 
same working fluid. Consider the combination shown in Fig. P9.157 where the 
turbine produces just enough power to drive the compressor and the two exit 
flows are mixed together. List any assumptions made and find the ratio of mass 

flow rates m 3 /mi and T 5 (x 5 if in two-phase region) if the turbine and the 
compressor are reversible and adiabatic 
Solution: 

CV: compressor 

s 2S = Sl = 1.0779 kJ/kg K — > h 2S = 317.43 kJ/kg 

w sc = h l - h 2 S = 27 L89 - 317 - 43 = - 45 - 54 kJ/kg 
CV: turbine 

s 4S = s 3 = 1.0850 kJ/kgK and P 4S O h 4S = 319.72 kJ/kg 
w sT = h 3 - h 4S = 341.29 - 319.72 = 21.57 kJ/kg 

w sc 45.54 

As w XURB = -w COMP , rh 3 /rh| = - = 21.57 = 2.111 

CV : mixing portion 

mih 2S + m 3 h 4S = (riij + m 3 )h 5 
1 x 317.43 + 2.111 xDl9.72 = 3.111 h 5 
=> h 5 = 318.984 kJ/kg => T 5 = 58.7°C 
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A certain industrial process requires a steady 0.5 kg/s supply of compressed air at 
500 kPa, at a maximum temperature of 30°C. This air is to be supplied by 
installing a compressor and aftercooler, see Fig. P9.46. Local ambient conditions 
are 100 kPa, 20°C. Using an isentropic compressor efficiency of 80%, determine 
the power required to drive the compressor and the rate of heat rejection in the 
aftercooler. 

Air table A. 5: R = 0.287 kJ/kg-K, C p = 1.004 kJ/kg-K, k = 1.4 

State 1: Tj = T 0 = 20°C, Pj = P 0 = 100 kPa, m = 0.5 kg/s 
State 2: P 2 = P3 = 500 kPa 

State 3: T 3 = 30°C, P 3 = 500 kPa 

We have q = 80 % = w Cs /w c ac 

Compressor: First do the ideal (Isentropic) 

k-1 

0 2857 

T 2 S = Tj (P 2 /Pi) k = 293.15 (500/100) ' = 464.6 K 

Energy Eq.: q c + hj = h 2 + w c ; q c = 0, assume constant specific heat 

w cs = Cp/Ti - T 2s ) = 1.004 (293.15 - 464.6) = -172.0 kJ/kg 


\ = w Cs /w C ac> w Cac = w Cs/ r l s = -215, W c = mw c = -107.5 kW 
W C ac = Cp (Ti - T 2 ), solve for T 2 = 507.5 K 
Aftercooler: 

Energy Eq.: q + h 2 = h 3 + w; w = 0, assume constant specific heat 

q = C p (T 3 - T 2 ) = 1.004(303.15 - 507.5) = -205 kJ/kg, 

Q = mq = -102.5 kW 
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7.167 

Carbon dioxide flows through a device entering at 300 K, 200 kPa and leaving at 
500 K. The process is steady state polytropic with n = 3.8 and heat transfer comes 
from a 600 K source. Find the specific work, specific heat transfer and the 
specific entropy generation due to this process. 

Solution: 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq. 4. 13: hj + q = h c + w Neglect kinetic, potential energies 

Entropy Eq.7.9: Sj + j" dq/T + s gen = s e 

Process Eq.6.28: 

n 18 

P e = Pj (T e / Tj) 11 " 1 = 200(500/300) 2 ' 8 =400kPa 

and the process leads to Eq.7.18 for the work term 

n 3 8 

w = j- R (T e - Ti) = X 0.1889 x (500 - 300) = -51.3 kj/kg 


Energy equation gives 

q = h e - hj + w = 401.52 - 214.38 - 51.3 = 135.8 kj/kg 
Entropy equation gives (CV out to source) 

s gen — s e ~ s i ~ 9/T source — Srp e — Syj — R ln(P £ / Pj) — q/T source 

= 5.3375 - 4.8631 - 0.1889 In (400/200) - (135.8/600) 

= 0.117 kj/kg K 




Notice: 
dP > 0 
so dw <0 

ds > 0 
so dq > 0 


Notice process is externally irreversible, AT between source and CO 2 
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7.168 

A flow of nitrogen, 0.1 kg/s, comes out of a compressor stage at 500 kPa, 500 K 
and is now cooled to 310 K in a counterflowing intercooler by liquid water at 125 

kPa, 15°C which leaves at 22°C. Find the flowrate of water and the total rate of 
entropy generation. 

Solution: 



A hydraulic motor driven compressor with intercooler in small pipe between the 
two stages. 

Continuity eq.: m ] = m 2 = rriH 20 ’ m 3 = m 4 = m N2 


Energy eq.: 0 = m N2 (h 3 - h 4 ) + m H20 (h 2 - h,) 

• • • 

Entropy Eq.7.7: 0 = m N2 (s 3 - s 4 ) + m H2 o (s 2 - + S gen 

Due to the lower range of temperature we will use constant specific heats from 
A. 5 and A. 4 so the energy equation is approximated as 

0 = “ 1 H20 C pH20 ( T 2 - T l) + (T 3 - T 4 ) 

Now solve for the water flow rate 


™H20 = ™N2 C pN2 ( T 3 ~ T 4) 1 l C pH2C) ( T 1 “ T 2)] 

= 0.1 kg/s x 1.042 kJ/kgK x (500 -310) K/ [4.18 x(22 -15) kJ/kg] 

= 0.677 kg/s 


S gen - m N2 ( s 4 “ s 3) + m H 2 0 ( S 1 " s 2) 


- m N 2 Cp In (T 4 /T 3 ) + m H2 oCp In (Tj/T 2 ) 

310 295 

= 0.1 kg/s x 1.042 kJ/kgK In + 0.677 kg/s x4.18 kJ/kgK In 

= -0.04981 + 0.06796 = 0.0182 kW/K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


7.169 

An initially empty spring-loaded piston/cylinder requires 100 kPa to float the 
piston. A compressor with a line and valve now charges the cylinder with water to 

a final pressure of 1.4 MPa at which point the volume is 0.6 m , state 2. The inlet 
condition to the reversible adiabatic compressor is saturated vapor at 100 kPa. 
After charging the valve is closed and the water eventually cools to room 
temperature, 20°C, state 3. Find the final mass of water, the piston work from 1 to 
2, the required compressor work, and the final pressure, P 3 . 

Solution: 

Process 1 — >2: transient, adiabatic, 
for C.V. compressor + cylinder 
Assume process is reversible 

Continuity: m 2 - 0 = m in , Energy: m 2 u 2 - 0 = (m in h in ) - W c - | W 2 

Entropy Eq.: m 2 s 2 - 0 = m in s in + 0 => s 2 = s in 

Inlet state: Table B. 1.2, h in = 2675.5 kJ/kg, s in = 7.3594 kJ/kg K 

jW 2 = /PdV = \ (P float + P 2 )(V 2 - 0) = \ (100+1400)0.6 = 450 kj 

State 2: P 2 , s 2 = s in Table B. 1.3 => v 2 = 0.2243, u 2 = 2984.4 kJ/kg 
m 2 = V 2 /v 2 = 0.6/0.2243 = 2.675 kg 

W c = m in h in - m 2 u 2 - jW 2 = 2.675 x (2675.5 - 2984.4) - 450 = -1276.3 kj 




State 3 must be on line & 20°C 

Assume 2-phase => P 3 = P sat (20°C) = 2.339 kPa 

less than P float so compressed liquid 


Table B. 1.1: v 3 = Vf(20°C) = 0.001002 => V 3 = m 3 v 3 = 0.00268 m 3 


On line: P 3 = 100 + (1400 - 100) x 0.00268/0.6 = 105.8 kPa 
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7.170 

Consider the scheme shown in Fig. P7.170 for producing fresh water from salt 
water. The conditions are as shown in the figure. Assume that the properties of 
salt water are the same as for pure water, and that the pump is reversible and 
adiabatic. 

a. Determine the ratio (m/irq), the fraction of salt water purified. 

b. Determine the input quantities, w P and q H . 

c. Make a second law analysis of the overall system. 

C.V. Flash evaporator: Steady flow, no external q, no work. 

Energy Eq.: irqf^ = (irq - m 7 )h 5 + m 7 h 6 

Table B.1.1 or 632.4 = (1 - (m 7 /mi)) 417.46 + (m 7 /mi) 2675.5 
=> m 7 / 111 , = 0.0952 

C.V. Pump steady flow, incompressible liq. : 

w P = -JvdP « -V!(P 2 - Pi) = - 0.001001(700 - 100) = -0.6 kj/kg 
h 2 = hj - w P = 62.99 + 0.6 = 63.6 kJ/kg 

C.V. Heat exchanger: h 2 + (m-z/m^hg = h 3 + (m 7 /m,)h 7 

63.6 + 0.0952 x 2675.5 = h 3 + 0.0952 x 146.68 => h 3 = 304.3 kj/kg 
C.V. Heater: q H = h 4 - h 3 = 632.4 - 304.3 = 328.1 kj/kg 

CV: entire unit, entropy equation per unit mass flow rate at state 1 

Sc.v.,gen = ' Oh/Tr + (1 - (m 7 /m 1 ))s 5 +(m 7 /m 1 )s 7 - s t 
= (-328.1/473.15) + 0.9048 x 1.3026 + 0.0952 x 0.5053 - 0.2245 
= 0.3088 kJ/K-kg-mj 
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7.171 

A rigid 1.0 m tank contains water initially at 120°C, with 50 % liquid and 50% 
vapor, by volume. A pressure-relief valve on the top of the tank is set to 1.0 MPa 
(the tank pressure cannot exceed 1.0 MPa - water will be discharged instead). 
Heat is now transferred to the tank from a 200°C heat source until the tank 
contains saturated vapor at 1.0 MPa. Calculate the heat transfer to the tank and 
show that this process does not violate the second law. 

Solution: 

C.V. Tank and walls out to the source. Neglect storage in walls. There is flow 
out and no boundary or shaft work. 

Continuity Eq.4. 15: m 2 - lrq = - m e 

Energy Eq.4. 16: m 2 u 2 - m,u, = - m e h e + : Q 2 

Entropy Eq.7.13: m 2 s 2 - n^Sj = - m e s e + I dQ/T + |S 2 gen 
State 1:T 1 = 120°C, Table B. 1.1 

Vf = 0.00106 m 3 /kg, m liq = 0.5V j/Vf = 471.7 kg 

v g = 0.8919 m 3 /kg, m g = 0.5V]/v g = 0.56 kg, 
mj = 472.26 kg, xj = nig/irq = 0.001 186 
u 1 = Uf + X|U lg = 503.5 + 0.001186x2025.8 = 505.88 kJ/kg, 
sj = s f + xjSfg = 1.5275 + 0.001186x5.602 = 1.5341 kJ/kg-K 

State 2: P 2 = 1.0 MPa, sat. vap. x 2 = 1.0, V 2 = lm 3 

v 2 = v g = 0.19444 m 3 /kg, m 2 = V 2 /v 2 = 5.14 kg 

u 2 = u g = 2583.6 kJ/kg, s 2 = s g = 6.5864 kJ/kg-K 

Exit: P e = 1.0 MPa, sat. vap. x e = 1.0, h e = hg = 2778.1 kJ/kg, 
s e = Sg = 6.5864 kJ/kg, m e = - m 2 = 467.12 kg 

From the energy equation we get 

jQ 2 = m 2 u 2 - mjUj + m e h e = 1 072 080 kj 
From the entropy Eq.7.13 or Eq.7.24 (with 7.25 and 7.26) we get 

1 Q 9 

lS 2 gen = m 2 s 2 “ m lN + m e S e - J T H = 200 ° C = 473 K 
lS 2 gen = AS nct = 120.4 kj > 0 Process Satisfies 2 nt * Law 
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7.172 

A jet-ejector pump, shown schematically in Fig. P7.172, is a device in which a 
low-pressure (secondary) fluid is compressed by entrainment in a high-velocity 
(primary) fluid stream. The compression results from the deceleration in a 
diffuser. For purposes of analysis this can be considered as equivalent to the 
turbine-compressor unit shown in Fig. P7.165 with the states 1, 3, and 5 
corresponding to those in Fig. P7.172. Consider a steam jet-pump with state 1 as 
saturated vapor at 35 kPa; state 3 is 300 kPa, 150°C; and the discharge pressure, 
P 5 , is 100 kPa. 

a. Calculate the ideal mass flow ratio, m ]/m 3 . 


b. The efficiency of a jet pump is defined as r\ = (ih 1 /m 3 ) actual / (m 1 /m 3 ) ideal 

for the same inlet conditions and discharge pressure. Determine the discharge 
temperature of the jet pump if its efficiency is 10%. 


a) ideal processes (isen. comp. & exp.) 


expands 3-4s 
comp l-2s . 


then mix at const. P 


s 4s = s 3 = 7.0778 = 1.3026 + x 4s x 6.0568 => x 4s = 0.9535 


h 4s = 417.46 + 0.9535 x 2258.0 = 2570.5 kJ/kg 


s 2s = Sl = 7.7193 -> T 2s = 174°C & h 2s = 2823.8 kJ/kg 


mi(h 2s - hj) = m 3 (h 3 - h 4s ) 

. . _ 2761.0 -2570.5 

^ (m l /m 3 ) IDEAL - 2 8 23.8 - 2631.1 


0.9886 


b) real processes with jet pump eff. = 0.10 


=> (rh|/rh 3 ) ACTUAL = 0.10 x 0.9886 = 0.09886 


Energy Eq.: mill] + m 3 h 3 = (irq + m 3 )h 5 
0.09886 x 2631.1 + 1 x 2761.0 = 1.09896 h 5 
State 5: h 5 = 2749.3 kJ/kg, P 5 = 100 kPa => T 5 = 136.5 °C 
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7.173 

A horizontal, insulated cylinder has a frictionless piston held against stops by an 
external force of 500 kN. The piston cross-sectional area is 0.5 m 2 , and the initial 

volume is 0.25 m . Argon gas in the cylinder is at 200 kPa, 100°C. A valve is 
now opened to a line flowing argon at 1.2 MPa, 200°C, and gas flows in until the 
cylinder pressure just balances the external force, at which point the valve is 
closed. Use constant heat capacity to verify that the final temperature is 645 K 
and find the total entropy generation. 

Solution: 

The process has inlet flow, no work (volume constant) and no heat transfer. 
Continuity Eq.4.15: m 2 - m 1 = 

Energy Eq.4.16: m 2 u 2 - m | u [ = nij hj 

m 1= PjVj/RTj = 200 x0.25/(0.2081 x373.15) = 0.644 kg 

500 

Force balance: P 2 A = F => P 2 = yy = 1000 kPa 


For argon use constant heat capacities so the energy equation is: 

m 2 C Vo T 2 - m l C Vo T 1 = ( m 2 - m l ) C Po T in 
We know P 2 so only 1 unknown for state 2. 

Use ideal gas law to write m 2 T 2 = P 2 V 1 /R and m j T ] =P 1 V 1 /R 

and divide the energy equation with C Vo to solve for the change in mass 
(P 2 Vj - Pj' Vj)/R = (m 2 - m x ) (C Po /C Vo ) T in 
(m 2 -m 1 ) = (P 2 -Pi)V 1 /(RkT i n) 


= (1000 - 200)x0.25/(0.208 lx 1.667x473. 15) = 1.219 kg 
m 2 = 1.219 + 0.644= 1.863 kg. 


T 2 = P 2 V i/(m 2 R) = 1000x0.25/(1.863x0.2081) = 645 K OK 
Entropy Eq.7.12: m 2 s 2 - m^j = mjSj + 0 + jS 2 gen 

lS 2 gen = m l( s 2 - s l) + ( m 2 ’ mt)( s 2 - Sj) 


= m l 


[Cp lry 


2 

1 


^2 l r T 2 

R l n p - J + ( m 2 ‘ m l) LCp lny - R 



= 0.644[ 0.52 In 


645 

373.15 


-0.2081 In 


1000 
200 ] 


+ 1.219[ 0.52 In 


645 

473.15 


-0.2081 In 


1000 

1200 ] 


= - 0.03242 + 0.24265 = 0.21 kJ/K 
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7.174 

Supercharging of an engine is used to increase the inlet air density so that more 
fuel can be added, the result of which is an increased power output. Assume that 
ambient air, 100 kPa and 27°C, enters the supercharger at a rate of 250 L/s. The 
supercharger (compressor) has an isentropic efficiency of 75%, and uses 20 kW 
of power input. Assume that the ideal and actual compressor have the same exit 
pressure. Find the ideal specific work and verify that the exit pressure is 175 kPa. 
Find the percent increase in air density entering the engine due to the 
supercharger and the entropy generation. 



C.V.: Air in compressor (steady flow) 

• • • • 

Cont: m in = m ex = m = V/v in = 0.29 kg/s 

• • • • 

Energy: mh in - W = mh ex Assume: Q = 0 

Entropy: ms in + S gen = ms ex 


RT; 


v in = = 0.8614 m 3 /kg, s^ = 6.86975 kJ/kg K, h in = 300.62 kJ/kg 

Mn 


!lc = W C s /w C ac => -W S = -^AC X Be = 15 kW 


-w c s = -W s /m = 51.724 kJ/kg, -w c ac = 68.966 kJ/kg 
Table A.7: h ex s = h in - w c s = 300.62 + 5 1 .724 = 352.3 kJ/kg 



=> T exs = 351.5 K, 

Pin x e( s T ex " S T in) /R 


s? e = 7.02830 kJ/kg K 

r 7.0283 - 6.86975 , 
— 100 x exp [ <-> ] 


= 173.75 kPa 

The actual exit state is 


h ex ac = h in ' W C ac = 369 - 6 kJ/k g => T ex ac = 368 - 6 K 

v ex = RT ex /P ex = 0.6088 m 3 /kg, Sy ex ac = 7.0764 

p ex /| pin = v in /v ex = 0.8614/0.6088 = 1.415 or 41.5% increase 

173 75 

Sgen = s ex - s in = 7.0764 - 6.86975 - 0.287 ln( |QQ ) = 0.0481 kJ/kg K 
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7.175 

A rigid steel bottle, V = 0.25 m 3 , contains air at 100 kPa, 300 K. The bottle is 
now charged with air from a line at 260 K, 6 MPa to a bottle pressure of 5 MPa, 
state 2, and the valve is closed. Assume that the process is adiabatic, and the 
charge always is uniform. In storage, the bottle slowly returns to room 
temperature at 300 K, state 3. Find the final mass, the temperature T 2 , the final 

pressure P3, the heat transfer 1Q3 and the total entropy generation. 

C.V. Bottle. Flow in, no work, no heat transfer. 

Continuity Eq.4.15: m 2 - mj = m in ; 

Energy Eq.4.16: m 2 u 2 - m , u , = m in h in 

State 1 and inlet: Table A. 7, uj = 214.36 kJ/kg, h in = 260.32 kJ/kg 

m : = PiV/RTj = (100 x 0.25)/(0.287 x 300) = 0.290 kg 
m 2 = P 2 V/RT 2 = 5000 x 0.25/(0.287 x T 2 ) = 4355. 4/T 2 
Substitute into energy equation : u 2 + 0.00306 T 2 = 260.32 kJ/kg 

Now trial and error on T 2 

T 2 = 360 => LHS = 258.63 (low); T 2 = 370 => LHS = 265.88 (high) 
Interpolation T 2 = 362.3 K (LHS = 260.3 OK) 

m 2 = 4355.4/362.3 = 12.022 kg ; P 3 = m 2 RT 3 /V = 4140 kPa 
Now use the energy equation from the beginning to the final state 

jQ 3 = m 2 u 3 - m lUl - m in h in = (12.022 - 0.29) 214.36 - 11.732 x 260.32 

= -539.2 kj 

Entropy equation from state 1 to state 3 with change in s from Eq.8.19 

S gen = m 2 s 3 - m l S l - m in s in ' lQ3 /T = m 2( s 3 - S in) ' m l( s l ' s in) ' lQ3 /T 

= 12.022[6.8693 - 6.7256 - R ln(4 140/6000)] 

- 0.29[6.8693 - 6.7256 - R ln(100/6000)] + 539.2/300 = 4.423 kJ/K 




Problem could have been solved with constant specific heats from A. 5 in 
which case we would get the energy explicit in T 2 (no iterations). 
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7.176 

A certain industrial process requires a steady 0.5 kg/s of air at 200 m/s, at the 
condition of 150 kPa, 300 K. This air is to be the exhaust from a specially 
designed turbine whose inlet pressure is 400 kPa. The turbine process may be 
assumed to be reversible and poly tropic, with poly tropic exponent n = 1.20. 

a) What is the turbine inlet temperature? 

b) What are the power output and heat transfer rate for the turbine? 

c) Calculate the rate of net entropy increase, if the heat transfer comes from a 
source at a temperature 100°C higher than the turbine inlet temperature. 

Solution: 

C.V. Turbine, this has heat transfer, PV n = Constant, n = 1.2 

n-1 

Process polytropic Eq.8.28: T e / Tj = (Pg/Pp n => T ; = 353.3 K 

Energy Eq.4.12: nij(h + V“/2) in + Q = m ex (h + V“/2) ex + W T 

Reversible shaft work in a polytropic process, Eq.7.14 and Eq.7.18: 

w T = -j v dP + ( vf - Vg )/2 =-^-(P e Ve-PiVi) +(vf-Vg)/2 
= (T e - Tj) -Vg/2 = 71.8 kJ/kg 


W x = mw x = 35.9 kW 

Assume constant specific heat in the energy equation 

Q = m[C P (T e -Tj) + vf /2 ] + W x = 19.2 kW 
Entropy Eq.7.7 or 9.23 with change in entropy from Eq.8.16: 

dSnet/dt = S gen = m(s e -Sj) - Q H /T H , T h = Tj + 100 = 453.3 K 
s e - sj = C P ln(T e / Tj) - R ln(P e / Pj) = 0. 1 174 kJ/kg K 
dS net /dt = 0.5 x 0.1174 - 19.2/453.3 = 0.0163 kW/K 
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Problems solved with P r and v r functions 
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7.17 uses P r function 

Do the previous problem using the air tables in A. 7 

The exit nozzle in a jet engine receives air at 1200 K, 150 kPa with neglible 
kinetic energy. The exit pressure is 80 kPa and the process is reversible and 
adiabatic. Use constant heat capacity at 300 K to find the exit velocity. 


Solution: 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 


Energy Eq. 4. 13: hj = h e + Vg/2 ( Z; = Z e ) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + 0 

Process: q = 0, s gen = 0 as used above leads to s e = Sj 

Inlet state: hj = 1277.8 kJ/kg, P ri = 191.17 

The constant s is done using the P r function from A. 7. 2 


P r e = P r i ( p e / p i) = 191.17 (80/150) = 101 .957 
Interpolate in A. 7 => 

101.957-91.651 

T e = 1000 + 50 m 35 _ 91 551 = 1026.16 K 

h e = 1046.2 + 0.5232 x (1103.5 - 1046.2) = 1076.2 kJ/kg 

2 

From the energy equation we have V e /2 = hj - h e , so then 

V e = ^2 (hj - h e ) = y/2(1277.8 - 1076.2) kJ/kg x 1000 J/kJ = 635 m/s 
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7.31 uses P r function 

Air enters a turbine at 800 kPa, 1200 K, and expands in a reversible adiabatic 
process to 100 kPa. Calculate the exit temperature and the work output per 
kilogram of air, using 

a. The ideal gas tables, Table A.7 

b. Constant specific heat, value at 300 K from table A. 5 

Solution: 


air 



W 


C.V. Air turbine. 

Adiabatic: q = 0, reversible: s gen = 0 
Energy Eq.4.13: w T = hj - h e , 

Entropy Eq.7.9: s e = Sj 


The constant s process is done using the P r function from A. 7. 2 

0 003 


Pre = Pri(P e / Pi) =191-17 

Interpolate in A.7.1 


v< 


= 23.896 


8003 

T e = 705.7 K, h e = 719.7 kJ/kg 
w = hi - h e = 1277.8 - 719.7 = 558.1 kJ/kg 



Table A.5: C Po = 1.004 kJ/kg K, R = 0.287 kJ/kg K, k = 1.4, then 

from Eq.8.23 


k-l 


T e = Tj (P e /Pi) k = 1200 


31003 

1800J 


0.286 


= 662.1 K 


w = C Po (Ti - T e ) = 1.004(1200 - 662.1) = 539.8 kJ/kg 
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7.34 uses P r function 

A compressor receives air at 290 K, 95 kPa and a shaft work of 5.5 kW from a 
gasoline engine. It should deliver a mass flow rate of 0.01 kg/s air to a pipeline. 
Find the maximum possible exit pressure of the compressor. 

Solution: 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 

• • • 

Continuity Eq.4. 11: = m e = m, 

• • • 

Energy Eq.4. 12: mhj = mh e + W c , 

• • • • 

Entropy Eq.7.8: msj + S gen = ms e ( Reversible S gen = 0 ) 

W c = mw c => -w c = -W/m = 5.5/0.01 = 550 kJ/kg 
Use Table A.7, hj = 290.43 kJ/kg, P ri = 0.9899 

h e = ^ + (-w c ) = 290.43 + 550 = 840.43 kJ/kg 

A.7 => T e = 816.5 K, P re = 41.717 

P e = Pi (P re /P r i) = 95 x (41.717/0.9899) = 4003 kPa 
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7.55 uses P r function 

An underground saltmine, 100 000 m in volume, contains air at 290 K, 100 kPa. 
The mine is used for energy storage so the local power plant pumps it up to 2.1 
MPa using outside air at 290 K, 100 kPa. Assume the pump is ideal and the 
process is adiabatic. Find the final mass and temperature of the air and the 
required pump work. 

Solution: 

C.V. The mine volume and the pump 
Continuity Eq.4.15: m 2 - mj = m in 

Energy Eq.4.16: m 2 u 2 - m^ = iQ 2 - iW 2 + m in h in 

Entropy Eq.7.12: m 2 s 2 - m,s, = J"dQ/T + jS 2 gen + m in s in 


Process: Adiabatic |Q 2 = 0 , Process ideal jS 2 gcn = 0 , Sj = s in 


=> m 2 s 2 = m l s l + m in s in = ( m l + m in) s l = m 2 s l => S 2 = Sj 


Constant s =^> 


Pr2 = Pri(P 2 / Pi) = 0.9899 


C2K)0T 

UooJ 


= 20.7879 


A.7.2 => T 2 = 680 K , u 2 = 496.94 kJ/kg 

mj = PjVj/RTj = 100xl0 5 /(0.287 x 290) = 1.20149 x 10 5 kg 
m 2 = P 2 V 2 /RT 2 = 100 x 21xl0 5 /(0.287 x 680) = 10.760 x 10 5 kg 


=^> m in = 9.5585x10 s kg 


lW 2 = m in h in + m lUl - m 2 u 2 

= m in (290.43) + m 1 (207.19) - m 2 (496.94) = -2.322 x 10 8 kj 
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7.80 uses P r function 

Calculate the air temperature and pressure at the stagnation point right in front of 
a meteorite entering the atmosphere (-50 °C, 50 kPa) with a velocity of 2000 m/s. 
Do this assuming air is incompressible at the given state and repeat for air being a 
compressible substance going through an adiabatic compression. 

Solution: 

Kinetic energy: \ V 2 = \ (2000) 2 /1000 = 2000 kJ/kg 

Ideal gas: v atm = RT/P = 0.287 x 223/50 =1.28 m 3 /kg 

a) incompressible 

1 o 

Energy Eq.4. 13: Ah = ^ V 2 = 2000 kJ/kg 

If A. 5 AT = Ah/Cp = 1992 K unreasonable, too high for that C p 

1 o 

Use A. 7: h st = h 0 + ^ V 2 = 223.22 + 2000 = 2223.3 kJ/kg 

T st = 1977 K 

Bernoulli (incompressible) Eq.7.17: 

AP = P st - P G = \ V 2 /v = 2000/1.28 = 1562.5 kPa 

P st = 1562.5 +50= 1612.5 kPa 

b) compressible 

T st = 1977 K the same energy equation. 

From A.7.2: Stagnation point P r st = 1580.3; Free P r 0 = 0.39809 


^rst _ 1580.3 

p st- p o x p ro - 50 x 0.39809 


= 198 485 kPa 



Notice that this is highly compressible, v is not constant. 
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7.174 uses P r function 

Supercharging of an engine is used to increase the inlet air density so that more 
fuel can be added, the result of which is an increased power output. Assume that 
ambient air, 100 kPa and 27°C, enters the supercharger at a rate of 250 L/s. The 
supercharger (compressor) has an isentropic efficiency of 75%, and uses 20 kW 
of power input. Assume that the ideal and actual compressor have the same exit 
pressure. Find the ideal specific work and verify that the exit pressure is 175 kPa. 
Find the percent increase in air density entering the engine due to the 
supercharger and the entropy generation. 



C.V.: Air in compressor (steady flow) 

• • • • 

Cont: m in = m ex = m = V/v in = 0.29 kg/s 

• • • • 

Energy: mh in - W = mh ex Assume: Q = 0 


Entropy: ms in + S gen = ms ex 

Inlet state: v in = RT in /P in = 0.8614 m 3 /kg, P r in = 1.1 167 


Be = w c s /w c ac => -W s = -W AC x i lc = 15 kW 

-w c s = -W s /m = 51.724 kJ/kg, -w c ac = 68.966 kJ/kg 
Table A.7: h ex s = h in - w c s = 300.62 + 5 1 .724 = 352.3 kJ/kg 

=*T exs = 351.5 K, P rex = 1.949 

P ex = P in x P rex /P rin = 100 X 1.949 / 1.1167 = 174.5 kPa 
The actual exit state is 

h ex ac = h in - w c ac = 369.6 kJ/kg => T ex ac = 368.6 K 
v ex = RT ex /P ex = 0-606 IU 3 /kg 

p ex /| pin = V in /v ex = 0.8614/0.606 = 1.42 or 42 % increase 
s gen = Sex - s in = 7-0767 - 6.8693 - 0.287 ln(174/100)] = 0.0484 kJ/kg K 
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Steady Single Flow Devices 
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7.177 

A compressor receives R-134a at 20 F, 30 psia with an exit of 200 psia, x = 1. 
What can you say about the process? 

Solution: 


Properties for R-134a are found in Table F.10 
Inlet state: Sj = 0.4157 Btu/lbm R 

Exit state: s e = 0.4080 Btu/lbm R 

Steady state single flow: 


/■e 


s e = Si + 


da 

T 


+ s 


gen 


Since s decreases slightly and the generation term can only be positive, 
it must be that the heat transfer is negative (out) so the integral gives a 
contribution that is smaller than -s gen . 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing 
or instructional purposes only to students enrolled in courses for which this textbook has been adopted. Any 
other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


7.178 

A condenser receives R-410A at 0 F and quality 80% with the exit flow being 
saturated liquid at 0 F. Consider the cooling to be a reversible process and find the 
specific heat transfer from the entropy equation. 

Entropy Eq.7.9: s e = Sj + I dq/T + s 2en = Sj + q/T + 0 

q = T (s e - Sj) = T (s f - Sj) 

Inlet: Sj = 0.0306 + Xj 0.2257 = 0.21 1 16 Btu/lbm-R 

Exit: s f = 0.0306 Btu/lbm-R 

q = (459.67 + 0) R x (0.0306 - 0.21 1 16) Btu/lbm-R 

= - 83.0 Btu/lbm 

Remark: It fits with h e - hj = - (1 - xj) hf g = -0.8 x 103.76 = -83.0 Btu/lbm 
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7.179 

Steam enters a turbine at 450 lbf/in.2, 900 F, expands in a reversible adiabatic 
process and exhausts at 130 F. Changes in ki netic and potential energies between 
the inlet and the exit of the turbine are small. The power output of the turbine is 
800 Btu/s. What is the mass flow rate of steam through the turbine? 

Solution: 

C.V. Turbine, Steady single inlet and exit flows. Adiabatic: Q = 0. 
Continuity Eq.4. 11: ihj = m e = m, 

Energy Eq.4. 12: trih j = mh e + W T , 

Entropy Eq.7. 8: 1118 ^ + 0 = 11182 ( Reversible S gen = 0 ) 


Explanation for the 

work term is in Sect. 
7.3, Eq.7. 14 


Ap 



At 



Inlet state: Table F.7.2 1^ = 1468.3 btu/lbm, SJ = 1.7113 btu/lbm R 

Exit state: s e = 1.7113 Btu/lbm R, T e = 130 F => saturated 
x e = (1.7113 - 0. 1 8 17)/1 .7292 = 0.8846, 
h e = 97.97 + x e 1019.78 = 1000 Btu/lbm 
w = Iq - h e = 1468.3 - 1000 = 468.3 Btu/lbm 
m = W / w = (800 Btu/s) / (468.3 Btu/lbm) = 1.708 lbm/s 
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7.180 

The exit nozzle in a jet engine receives air at 2100 R, 20 psia with neglible kinetic 
energy. The exit pressure is 10 psia and the process is reversible and adiabatic. Use 
constant heat capacity at 77 F to find the exit velocity. 


Solution: 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.4. 13: hj = h e + V^/2 ( Zj = Z c ) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + 0 


Use constant specific heat from Table F.4, C Po 
The isentropic process (s e = sj) gives Eq.6.23 


0.24 


Btu 
lbm R’ 


k= 1.4 


k-l 

=> T e = Tj( P e /Pj) k = 2100 (10/20) 0 2857 = 1722.7 R 


2 2 

The energy equation becomes (conversion 1 Btu/lbm = 25 037 ft /s in A.l) 
V e 2 /2 = hi - h e = C P ( Tj - T e ) 

y e = ^2 Cp( Ti - T e ) = ^2x0.24(2100-1722.7) x 25 037 = 2129 ft/s 
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7.181 

Do the previous problem using Table F.5. 

The exit nozzle in a jet engine receives air at 2100 R, 20 psia with neglible kinetic 
energy. The exit pressure is 10 psia and the process is reversible and adiabatic. Use 
constant heat capacity at 77 F to find the exit velocity. 

Solution: 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.4. 13: hj = h e + V^/2 ( Zj = Z c ) 

Entropy Eq.7.9: s e = Sj + } dq/T + s gen = Sj + 0 + 0 

The constant s is rewritten from Eq.6.19 as 

s° e = + R ln(P e / Pj) = 1.98461 + In (10/20) = 1.937088 Btu/lbmR 

Interpolate in F.5 => 

1.937088- 1.93444 

T e = 1750 + 50 ! 0^209 193 444 = 1750 + 50 x0 - 34608 = 1767 - 3 R 

h e = 436.205 + (449.794 - 436.205) x 0.34608 = 440.908 Btu/lbm 
The energy equation becomes (conversion 1 Btu/lbm = 25 037 ft /s in A.l) 
Vg/2 = hj - h e = 532.57 - 440.908 = 91.662 Btu/lbm 
y e = ^/2 ( hi - he) =a/ 2 x 91.662 x 25 037 = 2142 ft/s 
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7.182 

In a heat pump that uses R-134a as the working fluid, the R-134a enters the 
compressor at 30 lbf/in. 2 , 20 F. In the compressor the R-134a is compressed in an 
adiabatic process to 150 lbf/in. 2 using 1.5 Btu/s of power. Find the mass flow rate 
it can provide assuming the process is reversible. 

Solution: 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 
Continuity Eq.4. 11: rh 1 = m 2 = m, 

Energy Eq.4. 12: mfq = mh 2 + W c , 

Entropy Eq.7.8: msj + 0 = ms 2 ( Reversible S 2en = 0 ) 

Inlet state: Table F.10.2 hq = 169.82 Btu/lbm, Sj = 0.4157 Btu/lbm R 
Exit state: P 2 = 150 psia & s 2 => h 2 = 184.46 Btu/lbm 

m = W c /w c = W c /(hj - h 2 ) = -1.5 /(169.82 - 184.46) = 0.102 lbm/s 

Explanation for the 
work term is in 
Sect. 7.3 
Eq.7.14 
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7.183 

A compressor in a commercial refrigerator receives R-410A at -10 F and unknown 
quality. The exit is at 300 psia, 140 F and the process assumed reversible and 
adiabatic. Neglect kinetic energies and find the inlet quality and the specific work. 

CV Compressor, q = 0. 

Energy Eq. 4. 13: w c = hj - h e 

Entropy Eq.7.9: s e = Sj + I dq/T + s 2en = Sj + 0 + 0 

Exit state: 300 psia, 140 F s = Sj 

Table F.9.2 => h e = 137.34 Btu/lbm, s e = Sj = 0.2582 Btu/lbm-R 
Inlet state: F. 9.1: T, Sj = s e 

Xj = (0.2582 - 0.023 1)/0.2362 = 0.99534 
^ = 10.08 + xj 106.2 = 115.78 Btu/lbm 
w c = 115.78- 137.34 = -21.56 Btu/lbm 
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7.184 

A compressor brings a hydrogen gas flow at 500 R, 1 atm up to a pressure of 10 
atm in a reversible process. How hot is the exit flow and what is the specific work 
input? 

CV Compressor. Assume q = 0. 

Energy Eq.4.13: w c = hj - h e « C p (Tj - T e ) 

Entropy Eq.7.9: s e = Sj + } dq/T + s 2en = Sj + 0 + 0 

Properties from Table F.4 and constant s from Eq.6.23 

(k-l)/k ( 1 .409- 1)/1 .409 

T e = T i (P e /P i ) = 500 R (10/1) = 975.5 R 

Now the work from the energy equation, C p from F.4 

w c = 3.394 Btu/lbm-R x (500 - 975.5) R = -1613.8 Btu/lbm 
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7.185 

A flow of 4 lbm/s saturated vapor R-410A at 100 psia is heated at constant 
pressure to 140 F. The heat is supplied by a heat pump that receives heat from the 
ambient at 540 R and work input, shown in Fig. P7.28. Assume everything is 
reversible and find the rate of work input. 



Solution: 

C.V. Heat exchanger 

• • 

Continuity Eq.: nq = m 2 ; 

• • • 

Energy Eq.: nqlq + Q H = nqh 2 

Table F.9.2: 

Iq = 119.38 Btu/lbm, 

Sj = 0.2498 Btu/lbm R 
h 2 = 146.13 Btu/lbm, 
s 2 = 0.2994 Btu/lbm R 

Notice we can find Q H but the temperature T^ is not constant making it 
difficult to evaluate the COP of the heat pump. 



W 


C.V. Total setup and assume everything is reversible and steady state. 

• • • • 

Energy Eq.: + Q L + W = n^fq 

• • • 

Entropy Eq.: m J s 1 + Q L /T L + 0 = (T L is constant, Sg en = 0) 

Q l = mjT L [s 2 - Sj] = 4 x 540 [0.2994 - 0.2498] = 107.14 Btu/s 
W = m^ - hj] - Q l = 4 (146.13 - 119.38) - 107.14 = -0.14 Btu/s 

Comment: Net work is nearly zero, due to the very low inlet T so the first heating 
of the flow actually generates work out and only the heating to above ambient T 
requires work input. 
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7.186 

A diffuser is a steady-state, steady-flow device in which a fluid flowing at high 
velocity is decelerated such that the pressure increases in the process. Air at 18 
lbf/in. 2 , 90 F enters a diffuser with velocity 600 ft/s and exits with a velocity of 60 
ft/s. Assuming the process is reversible and adiabatic what are the exit pressure and 
temperature of the air? 

C.V. Diffuser, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.4. 13: hj + vf/2g c = h e + Vg/2g c , => h e - = C Po (T e - Tj) 

Entropy Eq.7.9: Sj + } dq/T + s gen = Sj + 0 + 0 = s e (Reversible, adiabatic) 

Energy equation then gives (conversion 1 Btu/lbm = 25 037 ft /s from A.l): 

600 2 - 60 2 

C Po (T e -Ti) = 0.24(T e - 549.7) = 2 x 25 Q37 


1' = 579.3 R 


The isentropic process (s e = Sj) gives Eq.6.23 


P e = P i (T e /T i )k-i = 18 


579.3 

549.7 


3.5 


J 


= 21.6 lbf/in 2 





Inlet 



Hi V 

Low P, A 


Exit 



Low V 
Hi P, A 
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7.187 

An expander receives 1 lbm/s air at 300 psia, 540 R with an exit state of 60 psia, 
540 R. Assume the process is reversible and isothermal. Find the rates of heat 
transfer and work neglecting kinetic and potential energy changes. 

Solution: 

C.V. Expander, single steady flow. 

• • • • 

Energy Eq.: mhj + Q = mh c + W 

• • • • 

Entropy Eq.: msj + Q/T + ms gen = ms e 

Process: T is constant and s gen = 0 

Ideal gas and isothermal gives a change in entropy by Eq. 6.15, so we can solve 
for the heat transfer 

P 

Q = Tm(s e - Sj) = -mRT In Tp 

M 

53.34 60 

= - 1 lbm/s x 540 R x Btu/lbm-R x In = 59.6 Btu/s 

From the energy equation we get 

W = m(hj - h e ) + Q = Q = 59.6 Btu/s 
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7.188 

One technique for operating a steam turbine in part-load power output is to throttle 
the steam to a lower pressure before it enters the turbine, as shown in Fig. P7.39. 
The steamline conditions are 200 lbf/in. 2 , 600 F, and the turbine exhaust pressure 
is fixed at 1 lbf/in. 2 . Assuming the expansion inside the turbine to be reversible 
and adiabatic, determine the specific turbine work for no throttling and the specific 
turbine work (part-load) if it is throttled to 60 psia. Show both processes in a T-s 
diagram. 

C.V. Turbine full-load, reversible. 

Entropy Eq.7.9 reduces to constant s so from Table F.7.2 and F.7.1 
s 3a = s i = 1.6767 Btu/lbm R = 0.132 66 + x 3a x 1.8453 

x 3a = 0.8367 

h 3a = 69.74 + 0.8367 x 1036.0 = 936.6 Btu/lbm 
l w 3a = hj ‘ h 3a = 1322.05 - 936.6 = 385.45 Btu/lbm 

The energy equation for the part load operation gives the exit h. Notice that we 
have constant h in the throttle process, h 2 = hj : 

2b: P, h 2b = hj = 1322.05 btu/lbm => s 2b = 1.80656 Btu/lbmR 

3b: P, s = s 2b = 1.80656 => x 3b = (1.80656 -0.132 66)/1.8453 = 0.90711 

h 3b = 69.74 + x 3b x 1036.0 = 1009.5 Btu/lbm 


w T = 1322.05 - 1009.5 = 312.54 Btu/lbm 
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7.189 

An adiabatic air turbine receives 2 lbm/s air at 2700 R, 240 psia and 4 lbm/s air at 
60 psia, T 2 in a setup similar to Fig. P4.87 with an exit flow at 15 psia. What 

should the temperature T 2 be so the whole process can be reversible? 

The process is reversible if we do not generate any entropy. Physically in this 
problem it means that state 2 must match the state inside the turbine so we do not 
mix fluid at two different temperatures (we assume the pressure inside is exactly 
60 psia). 

For this reason let us select the front end as C.V. and consider the flow 
from state 1 to the 60 psia. This is a single flow 

Entropy Eq.7.9: S] + 0/T + 0 = s 2 ; 

Property Eq.6.19 s 2 - Sj = 0 = s^ 2 - s°j - R ln(P 2 / Pj) 

o o , 53.34 60 

S T2 = s T1 + R ln(P 2 / P^ = 2.05606 + In = 1.9610 Btu/lbm-R 

From F.5: T 2 = 1928.8 R 

If we solve with constant specific heats we get from Eq.6.23 and k = 1.4 

T 2 = Tj (P 2 / P^' 1 ^ = 2700 R (60/240) 0 ' 2857 = 1817 R 
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7.190 

A 20 ft tank contains carbon dioxide at 540 R, 20 psia is now filled from a supply 
of carbon dioxide at 540 R, 20 psia by a compressor to a final tank pressure of 60 
psia. Assume the whole process is adiabatic and reversible. Find the final mass and 
temperature in the tank and the required work to the compressor. 


l in 


C.V. The tank and the compressor. 

Continuity Eq.4. 15: m 2 - lrq = m in 

Energy Eq.4. 16: m 2 u 2 - m | u | = ]Q 2 - ( W 2 + m in h 

Entropy Eq.7.13: m 2 s 2 - mjSj = JdQ/T + ]S 2 gen + m in S; 

Process: Adiabatic iQ 2 = 0 , Process ideal iS2 gcn =: 0, S] = s 
=> m 2 s 2 = m 1 s 1 + m in s in = (m 1 + m in )s 1 =m 2 S! => s 2 = S! 
Constant s so since the temperatures are modest use Eq.6.23 


’in 


in 


flM 


k-l 


To = T 




k = 540 R (60/20) 0 ' 2242 = 690.8 R 


20 x 20 x 144 

m i = PiVi/RTi= 35 1 x 540 =3.039 lbm 


m 2 = P 2 V 2 /RT 2 = 60 x 20 xl44/(35.1 x 690.8) = 7.127 lbm 

=> m in = 4.088 lbm 

lW 2 = m in h in + m lUl - m 2 u 2 = m in RT in + mi ( Ul - u in ) - m 2 (u 2 -u in ) 
= 4.088 (35.1 x 540/778) + m 2 (0) - 7.127 x 0.156 (690.8 -540) 
= -68.07 Btu (work must come in) 
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7.191 

An underground saltmine, 3.5 x 106 ft 3 in volume, contains air at 520 R, 14.7 
lbf/in. 2 . The mine is used for energy storage so the local power plant pumps it up 
to 310 lbf/in. 2 using outside air at 520 R, 14.7 lbf/in. 2 . Assume the pump is ideal 
and the process is adiabatic. Find the final mass and temperature of the air and the 
required pump work. Overnight, the air in the mine cools down to 720 R. Find the 
final pressure and heat transfer. 

C.V. The mine volume and the pump 

Continuity Eq.4.15: m2 - ni] = m in 

Energy Eq.4.16: m 2 u 2 - mjUj = : Q 2 - : W 2 + m in h in 

Entropy Eq.7.13: m 2 s 2 - m^ = JdQ/T + ,S 2 gen + m in s in 

Process: Adiabatic ]Q 2 = 0 , Process ideal ]S 2 gen = 0 , Sj = s in 

=> m 2 s 2 = m l s l + m in s in = ( m l + m in) s l = m 2 s l => S 2 = Si 

Constant s => Eq.6.19 s^ 9 = s^ + R ln(P e / Pj) 

o 53.34 310 

Table F.4 => s^ 2 = 1.63074 + In Cjj^) = 1.83976 Btu/lbm R 

=> T 2 = 1221 R , u 2 = 213.13 Btu/lbm 

Now we have the states and can get the masses 

14.7 x 3.5xl0 6 x 144 s 

m i = PiVi/RTi= 53.34 x 520 =2.671x10' lbm 

310 x 3.5xl0 6 x 144 , 

m 2 = P 2 V 2 /RT 2 = 53.34 x 12 21 = 2,4 X 10 lbm 

=> m in = m 2 - m 1 = 2.1319xl0 6 lbm 
jW 2 = m in h in + mjUj - m 2 u 2 = 2.1319xl0 6 x 124.38 + 2.671xl0 5 
x 88.73 - 2.4xl0 6 x 213.13 = -2.226 x 10 8 Btu = -pump work in 
W pump = 2.23 x 10 8 Btu 

2 W 3 = 0, P 3 = P 2 T 3 /T 2 = 310x720/1221 = 182.8 lbf/in 2 
2 Q 3 = m 2 (u 3 - u 2 ) = 2.4 x10 6 (123.17 -213.13)= -2.16 x 10 8 Btu 
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7.192 

R-410A at 240 F, 600 psia is in an insulated tank and flow is now allowed out to a 
turbine with a backup pressure of 125 psia. The flow continues to a final tank 
pressure of 125 psia and the process stops. If the initial mass was 1 lbm how much 
mass is left in the tank and what is the turbine work assuming a reversible process? 

Solution: 

C.V. Total tank and turbine. 

Continuity Eq.4.15: m 2 ~ m l = -m ex 

Energy Eq.4.16: m 2 u 2 - m 1 u 1 = -m ex h ex + ,Q 2 - ,W 2 

Entropy Eq.7.12: m 2 s 2 - m 1 s 1 = -m ex s ex + j dQ/T + jS 2 gen 

Process: Adiabatic |Q 2 = 0; Reversible iS 2gen = 0 

This has too many unknowns (we do not know state 2 only P 2 ). 

C.V. m 2 the mass that remains in the tank. This is a control mass. 

Entropy Eq.6.3 (6.37): m 2 (s 2 - sQ = J dQ/T + jS 2 gen 

Process: Adiabatic |Q 2 = 0; Reversible iS 2gen = 0 

=> s 2 = Sl 

State 1: Vj = 0.1342 ft 3 /lbm, Uj = 139.96 Btu/lbm, Sj = 0.2703 Btu/lbm-R 

State 2 (P,s): T 2 = 86.05 F, v 2 = 0.5722 ft 3 /lbm, u 2 = 119.45 Btu/lbm 

State exit: s ex = s 2 = s j follows from entropy Eq. for first C.V. using the 
continuity eq., this is identical to state 2, h ex = 132.695 Btu/lbm 

Tank volume constant so V = m^Vj = m 2 v 2 

m 2 = m 1 v 1 /v 2 = lx 0.1342 / 0.5722 = 0.2345 lbm 

From energy eq. 

]W 2 = m lUl - m 2 u 2 - m ex h ex 

= 1 x 139.96-0.2345 x 119.45-0.7655 x 132.695 [Btu] 

= 10.37 Btu 
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Reversible Shaft Work, Bernoulli 
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7.193 

A river flowing at 2 ft/s across 3 ft high and 30 ft wide area has a dam that creates 
an elevation difference of 7 ft. How much energy can a turbine deliver per day if 
80% of the potential energy can be extracted as work? 


CV Dam from upstream to downstream 2 m lower elevation 
Continuity Eq.: m = constant = m e = rrij = A e V e /v e = Aj V/vj 

Find the mass flow rate 

m = AVj/v = pAVj = 62.2 lbm/ft 3 x (3 x 30) ft 2 x 2 ft/s = 11 196 lbm/s 
Energy Eq.: 0 = m (hj + 0.5Vj 2 + gZj) - m (h e + 0.5V e 2 + gZ e ) - W 

The velocity in and out is the same assuming same flow area and the two 
enthalpies are also the same since same T and P = Pq. 

This is consistent with Eq.7.14 [ w = g(Zj - Z e ) - loss] 

W = 0.8 m g(Zj - Z e ) = 0.8 x 11 196 lbm/s x 32.174 ft/s 2 x 7 ft 
= (2 017 232 / 25 037) Btu/s = 80.57 Btu/s 
Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from A.l 

W = W At = 80.57 (Btu/s) x 24 x 60 x 60 s = 6.96 MBtu 
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7.194 

How much liquid water at 60 F can be pumped from 14.7 psia to 35 psia with a 3 
kW motor? 

Incompressible flow (liquid water) and we assume reversible. Then the shaftwork 
is from Eq.7.15 (7.16) 

w = -I v dP = -v AP = -0.016 ft 3 /lbm (35 - 14.7) psia 

= - 46.77 lbf-ft/lbm = -0.06 Btu/lbm 

W = 3 kW = 2.844 Btu/s 

. W 2.844 . 

m = — = n 777 = 47.4 lb m/s 
-w 0.06 
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7.195 

A wave comes rolling in to the beach at 6 ft/s horizontal velocity. Neglect friction 
and find how high up (elevation) on the beach the wave will reach. 

We will assume a steady reversible single flow at constant pressure and 
temperature for the incompressible liquid water. The water will flow in and up the 
sloped beach until it stops (V = 0) so Bernoulli Eq.7.17 leads to 


1 2 

§ z in 2^ in ~ § z ex ^ 

1 ..2 


(Z ex' Z in) 2g V in 2 X 32.174 ft/s 2 6 ^ 


= 0.56 ft 
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7.196 

A small pump takes in water at 70 F, 14.7 lbf/in. 2 and pumps it to 250 lbf/in. 2 at a 
flow rate of 200 lbm/min. Find the required pump power input. 

Solution: 

C.V. Pump. Assume reversible pump and incompressible flow. 

This leads to the work in Eq.7.15 

w P = -/ vdp = - v i( p e -Pi) 

7 2 

= -0.01605 ft 3 /lbm (250 - 14.7) psi x 778 ibf-ft/(Btu/lbm) 

= -0.7 Btu/lbm 

200 

W p in = m(-w p ) = lbm/s (0.7 Btu/lbm) = 2.33 Btu/s = 3.3 hp 
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7.197 

An irrigation pump takes water from a river at 50 F, 1 atm and pumps it up to an 
open canal at a 150 ft higher elevation. The pipe diameter in and out of the pump is 
0.3 ft and the motor driving the pump is 5 hp. Neglect kinetic energies and friction, 
find the maximum possible mass flow rate. 


CV the pump. The flow is incompressible and steady flow. The pump work is the 
difference between the flow work in and out and from Bernoulli’s eq. for the pipe 
that is equal to the potential energy increase sincle pump inlet pressure and pipe 
outlet pressure are the same. 

w p = v AP = g AZ = 32. 174 ft/s 2 x 150 ft 

= 4826.1 (ft/s ) 2 = (4826.1 / 25037) Btu/lbm = 0.19276 Btu/lbm 
The horsepower is converted from Table A.l 

Wmotor = 5 hp = 5 x 2544 Btu/h = 12 720 btu/h = 3.533 Btu/s 

m = W mo tor / w p = 3.533 / 0.19276 = 18.33 lbm/s 


Comment: 

m = AV/v 


V = 


mv 

A 


4m 


4 x 18.33 


p n D 2 62.2 x 71 x 0.3 2 


= 4.17 ft/s 


The power to generated the kinetic energy is 

Power = m 0.5 V 2 = 18.33 x 0.5 x 4.17 2 / 25037 = 0.0064 Btu/s 


Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from A.l 

This is insignificant relative to the power needed for the potential energy increase. 





Pump inlet and the pipe exit 
both have close to 
atmospheric pressure. 
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A fireman on a ladder 80 ft above ground should be able to spray water an 
additional 30 ft up with the hose nozzle of exit diameter 1 in. Assume a water 
pump on the ground and a reversible flow (hose, nozzle included) and find the 
minimum required power. 

Solution: 

C.V.: pump + hose + water column, total height difference 35 m. 


• • 

Continuity Eq.4.3, 4.11: m in = m ex = (pAV) nozzle 

Energy Eq.4.12: m(-w p ) + m(h + V 2 /2 + gz) in = m(h + V 2 /2 + gz) ex 

Process: h in = h ex , V in = V ex = 0 , z ex - z in = 1 10 ft, p = 1/v = l/v f 

-w p = g( z ex ' z in) = 32.174 x (110 - 0)/25 037 = 0.141 Btu/lbm 

Recall the conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from Table A.l. The velocity 
in the exit nozzle is such that it can rise 30 ft. Make that column a C.V. for 
which Bernoulli Eq.7.17 is: 


1 2 

§ z noz 2 * noz — § z ex ^ 


V 


noz 


“\j 3g( z ex z noz) 

"^2 x 32.174 x 30 = 43.94 ft/s 



Assume: v = v F 70F = 0.01605 ft 3 /lbm 


n 


m = 


D)2 


VfU 

pump 


V no7 = ( 71/4) (1 2 /144) X 43.94 / 0.01605 = 14.92 lbm/s 


= mw„ = 14.92 x 0.141 x (3600/2544) = 3 hp 
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7.199 

Saturated R-410A at 10 F is pumped/compressed to a pressure of 300 lbf/in. 2 at the 
rate of 1.0 lbm/s in a reversible adiabatic steady flow process. Calculate the power 
required and the exit temperature for the two cases of inlet state of the R-410A: 

a) quality of 100 %. 

b) quality of 0 %. 

Solution: 

C.V.: Pump/Compressor, m = 1 lbm/s, R-410A 

a) State 1: Table F.10.1, x 1 = 1.0 Saturated vapor, P 1 = P s = 76.926 psia, 

hq = h a = 118.21 Btu/lbm, Sj = s g = 0.2535 Btu/lbm R 
Assume Compressor is isentropic, s 2 = Sj = 0.2535 Btu/lbm R 
h 2 = 134.54 Btu/lbm, T 2 = 130.5 F 
Energy Eq.4. 13: q c + fq = h 2 + w c ; q c = 0 

w cs = hi -h 2 = 118.21 - 134.54 = - 16.33 Btu/lbm; 

=> W c = mw c = -16.3 Btu/s = -23.1 hp 

b) State 1: Tj = 10 F, x^ = 0 Saturated liquid. This is a pump. 

Pi = 76.926 psia, Iq = h f = 17.0 Btu/lbm, Vi = v f = 0.01316 ft-Vlbm 
Energy Eq.4. 13: q p + Iq = h 2 + w p ; q p = 0 

Assume Pump is isentropic and the liquid is incompressible, Eq.7.18: 
w ps = - 1 v dP = -vi(P 2 - Pi) = -0.01316 (300 - 76.926) 144 

= -422.73 lbf-ft/lbm = - 0.543 Btu/lbm 

h 2 = hj - w p = 17.0 - ( - 0.543) = 17.543 Btu/lbm, 

Assume State 2 is approximately a saturated liquid => Tj = 11.5 F 
W P = mwp = 1 (- 0.543) = -0.543 Btu/s = -0.77 hp 
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7.200 

Liquid water at ambient conditions, 14.7 lbf/in. 2 , 75 F, enters a pump at the rate of 
1 lbm/s. Power input to the pump is 3 Btu/s. Assuming the pump process to be 
reversible, determine the pump exit pressure and temperature. 

Solution: 

C.V. Pump. Steady single inlet and exit flow with no heat transfer. 

Energy Eq.4. 13: w = hj - h e = W/m = -3/1 = - 3.0 btu/lbm 

Using also incompressible media we can use Eq.7.15 

w P = - JVdP « -Vj(P e - Pj) = -0.01606 ft/lbm(P e - 14.7 psia) 

from which we can solve for the exit pressure 

3 = 0.01606(P e - 14.7) x => P e = 1023.9 lbf/in 2 

W = 3 Btu/s, Pj = 14.7 psia 
Tj = 75 F m = 1 lbm/s 



Energy Eq.: h e = hj - w P = 43.09 + 3 = 46.09 Btu/lbm 
Use Table F.7.3 at 1000 psia => T e = 75.3 F 
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7.201 

The underwater bulb nose of a container ship has a velocity relative to the ocean 
water as 30 ft/s. What is the pressure at the front stagnation point that is 6 ft down 
from the water surface. 

Solution: 

C.V. A stream line of flow from the freestream to the wall. 

Eq.7. 17: v(P e -Pj) + \ (vf-vf ) + g(Z e - Z s ) = 0 


AP = 2v V i = 0.01603 x 32.174 x 144x2 = 6 ‘ 06 pS1 
Pi = P 0 + gH/v = 14.695 + 6/ (0.01603 x 144) = 17.29 psia 
P e = ^ + A P = 17.29 + 6.06 = 23.35 psia 



This container-ship is under construction and not loaded. The red line is the water 
line under normal load. 
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7.202 

A speed boat has a small hole in the front of the drive with the propeller that sticks 
down into the water at a water depth of 15 in. Assume we have a stagnation point 
at that hole when the boat is sailing with 30 mi/h, what is the total pressure there? 


Solution: 

C.V. A stream line of flow from the freestream to the wall. 

Eq.7. 17: v(P e -Pi) + \ (vf-vf ) + g(Z e - Zj) = 0 

mi ft-h 

V; = 30 -r X 1.467 r = 44.01 ft/s 

1 n s-mi 


44.01 


1 2 

AP = — V- - 11 04 nsi 

2v v i 0.01603 x 32.174x 144x2 p 

15/12 

p i = P o + gH/v = 14.695 + o 01603 x 144 = 15-24 psia 
P e = Pi + A P = 15.24 + 13.04 = 28.28 psia 


Remark: This is fast for a boat 
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7.203 

Helium gas enters a steady-flow expander at 120 lbf/in. 2 , 500 F, and exits at 18 
lbf/in. 2 . The mass flow rate is 0.4 lbm/s, and the expansion process can be 
considered as a reversible polytropic process with exponent, n = 1.3. Calculate the 
power output of the expander. 

Solution: 



CV: expander, reversible polytropic process 



From Eq.6.28: 



fp e l 

W exp 

T = T 
A e A i 

l p J 


n-i 


n 


= 960 


f 18 ^ 


0.3 


1.3 


V 120y 

Table F.4: R = 386 lbf-ft/lbm-R 


= 619.6 R 


Work evaluated from Eq.7.18 

r nR 1.3 x 386 

w = -/vdP = - J 7 T<T e - Tj) = - ft3 x 778 (619.6 - 960) 

= +731.8 Btu/lbm 

3600 

W = mw = 0.4 x 731.8 x 2544 = 414 hp 
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7.204 

An expansion in a gas turbine can be approximated with a polytropic process with 
exponent n = 1.25. The inlet air is at 2100 R, 120 psia and the exit pressure is 18 
psia with a mass flow rate of 2 lbm/s. Find the turbine heat transfer and power 
output. 


Solution: 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq. 4. 13: hj + q = h c + w Neglect kinetic, potential energies 

Entropy Eq.7.9: Sj + J dq/T + s gen = s e 

Process Eq.6.28: 

n-1 0.25 

T e = Ti (P e / P^ 11 = 2100 R (18/120) 1 ' 25 = 1436.9 R 

so the exit enthalpy is from Table F.5, h; = 532.6 Btu/lbm 

h e = 343.0 + ^(353.5 - 343.0) = 352.7 Btu/lbm 

The process leads to Eq.7.18 for the work term 

. nR 1.25 x 53.34 

W = mw = -m— j- (T e - Tj) = -2 Q 25 x 77g x (1436.9 - 2100) 

= 454.6 Btu/s 

Energy equation gives 

Q = mq = m(h e - hj) + W = 2(352.7 - 532.6) + 454.6 
= -359.8 + 454.6 = 94.8 Btu/s 




Notice: 
dP < 0 
so dw > 0 

ds > 0 
so dq > 0 


Notice this process has some heat transfer in during expansion which is 
unusual. The typical process would have n = 1.5 with a heat loss. 
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Steady Irreversible Processes 
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7.205 

Analyse the steam turbine described in Problem 4.188E. Is it possible? 

C.V. Turbine. Steady flow and adiabatic. 

Continuity Eq.4.9: irq = mo + m 3 ; 

• • • • 

Energy Eq.4. 10: lTqlq = n^l^ + + W 

• • • • 

Entropy Eq.7.7: mjSj + S gen = m 2 S 2 + m 3 S 3 


States from Table F.7.2: sj = 1.6398 Btu/lbm R, S 2 = 1.6516 Btu/lbm R, 

S 3 = Sf + x Sfg = 0.283 + 0.95 x 1 .5089 = 1 .7 1 Btu/lbm R 
Sgen = 40 X 1.6516 + 160 xl.713 - 200 x 1.6398 = 12.2 Btu/s R 
Since it is positive => possible. 

Notice the entropy is increasing through turbine: Sj < s 2 < S 3 
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7.206 

A large condenser in a steam power plant dumps 15 000 Btu/s at 1 15 F with an 
ambient at 77 F. What is the entropy generation rate? 

Solution: 


This process transfers heat over a finite temperature difference between the 
water inside the condenser and the outside ambient (cooling water from the sea, 
lake or river or atmospheric air) 


C.V. The wall that separates the inside 115 F 
water from the ambient at 77 F. 

Entropy Eq. 7.1 for steady state operation: 


Condensi ng 
water 



ct> 


Sea 

water 

/V 


dS _ 
dt “ 

s 

°gen 


Z Q . Q Q 
T+ S gen = T 115 - T 77 + S 


r 15 000 

15 000 

| Btu 

L 536.7 

" 115 +459.7 - 

1 sR 


gen 


1.85 


Btu 

sR 


115 F 


77 F 
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7.207 

A compressor in a commercial refrigerator receives R-410A at -10 F and x = 1. 

The exit is at 150 psia and 60 F. Is this compressor possible? 

Solution: 

C.V. Compressor, steady state, single inlet 
and exit flow. For this device we also 
assume no heat transfer and Zj = Z e 

From Table F.9. 1 : hj = 1 16.29 Btu/lbm, Sj = 0.2592 Btu/lbm-R 

From Table F.9.2 : h e = 124.58 Btu/lbm, s e = 0.2508 Btu/lbm-R 

Entropy gives 

s ge n = s e - Sj - 1 dq/T = 0.2508 - 0.2592 - J dq/T = 

The result is negative unless dq is negative (it should go out, but T < T ambient) so 
this compressor is impossible 
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7.208 

R-134a at 90 F, 125 psia is throttled in a steady flow to a lower pressure so it 
comes out at 10 F. What is the specific entropy generation? 

Solution: 

The process is adiabatic and irreversible. The consideration of the energy given in 
example 6.5 resulted in a constant h and two-phase exit flow. 

Table F.10.1: hj = 105.34 Btu/lbm, Sj = 0.2757 Btu/lbm-R (compressed liquid) 

State 2: 10 F, h e = hj < h„ so two-phase x e = (h e - h f )/h fg = 0.2956 

Table F.10.1: s e = s f + x e s fg = 0.2244 + 0.2956 x 0.1896 = 0.2804 Btu/lbm-R 

We assumed no heat transfer so the entropy equation Eq.7.9 gives 

Sgen = s e - Sj - 1 dq/T = 0.2804 - 0.2757 - 0 = 0.0047 Btu/lbm-R 




125 psia 


e \ - 26.8 


psia 

s 
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Two flowstreams of water, one at 100 lbf/in. 2 , saturated vapor, and the other at 100 
lbf/in. 2 , 1000 F, mix adiabatically in a steady flow process to produce a single flow 
out at 100 lbf/in. 2, 600 F. Find the total entropy generation for this process. 
Solution: 

• • • 

Continuity Eq.4.9: m 3 = m 1 + m 2 , 

• • • 

Energy Eq.4.10: m 3 h 3 = nqfq + m 2 h 2 

State properties from Table F.7.2 

hi = 1187.8, h 2 = 1532.1, h 3 = 1329.3 all in Btu/lbm 

Sj = 1.6034, s 2 = 1.9204, s 3 = 1.7582 all in Btu/lbm R 

=> nq/nq = (h 3 - h 2 ) / (fq - h 2 ) - 0.589 

• • • • 

Entropy Eq.7.7: m 3 s 3 = nqsj + m 2 s 2 + S gen 

S g en/m 3 = s 3 - ( iri i / iri 3 J s, - (m 2 /m 3 ) s 2 
= 1.7582- 0.589 x 1.6034-0.411 


=> 


x 1 .9204 = 0.0245 


Btu 
Him R 


1 



2 


v 


Mixing 

chamber 



j 



The mixing process generates entropy. The two inlet flows could have 
exchanged energy (they have different T) through some heat engines and 
produced work, the process failed to do that, thus irreversible. 
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A compressor in a commercial refrigerator receives R-410A at -10 F and x = 1. 
The exit is at 300 psia and 160 F. Neglect kinetic energies and find the specific 
entropy generation. 

Solution: 

C.V. Compressor, steady state, single inlet and 
exit flow. For this device we also assume no 
heat transfer q = 0 and Z[ = Z 2 

Entropy Eq.7.9: Sj + J dq/T + s gen = s e = Sj + 0 + s 2en 

From Table F.9.1 : Sj = 0.2592 Btu/lbm-R 

From Table F.9.2 : s e = 0.2673 Btu/lbm-R 

Entropy generation becomes 

Sgen = s e - sj = 0.2673 - 0.2592 = 0.0081 Btu/lbm-R 
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A steam turbine has an inlet of 4 lbm/s water at 150 psia and 550 F with velocity of 
50 ft/s. The exit is at 1 atm, 240 F and very low velocity. Find the power produced 
and the rate of entropy generation. 

Solution: 

C.V. Turbine. Steady flow and adiabatic. 

Continuity Eq.4.9: irq = m 2 ; 

Energy Eq.4.10: m 1 (h 1 + yV 2 ) = m 2 h 2 + W 

• • • 

Entropy Eq.7.7: mjSj + S gen = m 2 s 2 

States from Table F.7.2: Iq = 1300.05 Btu/lbm, sj = 1.6862 Btu/lbm-R, 

h 2 = 1164.02 Btu/lbm, s 2 = 1.7764 Btu/lbm-R 

• • to 1 50 2 

W= m 1 (h 1 + 2 V 2 -h 2 ) = 4 (1300.05 + 2 25037 ~ 1164 - 02 ) = 546.1 Btu/s 
Sgen = mi(s 2 - s{) = 4 (1.7764 - 1.6862) = 0.361 Btu/s-R 

Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from A.l 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing 
or instructional purposes only to students enrolled in courses for which this textbook has been adopted. Any 
other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


7.212 

A dual fluid heat exchanger has 10 lbm/s water enter at 104 F, 20 psia and leaving 
at 50 F, 20 psia. The other fluid is glycol coming in at 14 F, 22 psia and leaves at 
50 F, 22 psia. Find the mass flow rate of glycol and the rate of entropy generation. 


Continuity Eqs.: 
Energy Eq.4.10: 

Entropy Eq.7.7: 


Each line has a constant flow rate through it. 

• • • • 

m H 2 0 h 1 + m glycol h 3 = m H 2 0 h 2 + m glycol h 4 

• • • • • 

0 = m H 2 0 S 1 + m glycol s 3 - m H 2 0 s 2 “ m glycol s 4 + S gen 


Process: Each line has a constant pressure. 

Table F.7: hj = 72.03, h 2 = 18.05 Btu/lbm, Sj = 0.1367, s 2 = 0.0361 Btu/lbm-R 


We could have used specific heat for the changes. 

Table F.3: Cp g i y = 0.58 Btu/lbm-R so 

h 4 - h 3 = C P gly (T 4 - T 3 ) = 0.58 [50 - 14] = 20.88 Btu/lbm 

s 4 — s 3 = C P gly In (T 4 /T 3 ) = 0.58 ln(509.7/473.7) = 0.0425 Btu/lbm-R 


h l~ h 2 72.03- 18.05 

m glycol - m H 2 0 h 4 - h 3 _ 10 20.88 

• • • 

Sgen — m H 2 0 ( s 2 — s l) + m glycol ( s 4 ~ s 3) 


= 25.85 lbm/s 


= 10 lbm/s (0.0361 - 0.1367) Btu/lbm-R 


+ 25.85 lbm/s x 0.0425 Btu/lbm-R 


= 0.093 Btu/s-R 


C.V. Heat exchanger, steady 
flow 1 inlet and 1 exit for 
glycol and water each. The 
two flows exchange energy 
with no heat transfer to/from 
the outside. 


1 water 


b 


2 


3 glycol 

-H 
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A factory generates compressed air from ambient 15 psia, 62 F, by compression to 
150 psia, 1080 R after which it cools in a constant pressure cooler to 540 R by heat 
transfer to the ambient. Find the specific entropy generation in the compressor and 
in the cooler operation. 


Solution 

C.V. air compressor q = 0 

Continuity Eq.: m 2 = mj ; Energy Eq. 4. 13: 0 = h 1 + w c i n -h 2 

Entropy Eq. : 0 = s : - s 2 + s gen comp 

Table F.5 State 1: Iq = 124.79 Btu/lbm, s^ = 1.63151 Btu/lbm-R, 

Table F.5 State 2: h 2 = 261.099 Btu/lbm, s ^ 2 = 1.80868 Btu/lbm-R, 

Table F.5 State 3: I 13 = 129.18 Btu/lbm, s ^ 3 = 1.63979 Btu/lbm-R, 

s gen comp = s 2 ~ S 1 = S T2 ~ S T1 ~ R l n (P2^l) 

53 34 

= 1.80868 - 1.63151 - ^-ln( 1000/1 00) = 0.019 Btu/lbmR 
C.V. cooler w = 0 

• • 

Continuity Eq.: m 3 = m 2 ; Energy Eq. 4. 13: 0 = h 2 -q out -h 3 

Entropy Eq. : 0 = s 2 - s 3 - q out /T amb + s gen cool 

q out = h 2 - h 3 = 261.099 - 129.18 = 131.919 Btu/lbm 

s gen cool = S3 - S 2 + Oout^amb = S T3 ~ S T2 + Oout^amb 

131.919 

= 1 .63979 - 1 .80868 + 52 | ? = 0.084 Btu/lbm 


1 

1 ► 



Compressor 

w c 




Compressor section Cooler section 
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A mixing chamber receives 10 lbm/min ammonia as saturated liquid at 0 F from 
one line and ammonia at 100 F, 40 lbf/in. 2 from another line through a valve. The 
chamber also receives 340 Btu/min energy as heat transferred from a 100-F 
reservoir. This should produce saturated ammonia vapor at 0 F in the exit line. 
What is the mass flow rate at state 2 and what is the total entropy generation in the 
process? 

Solution: 


CV : Mixing chamber out to reservoir 

• • • 

Continuity Eq.4.9: m l + m 2 = m3 

• • • • 

Energy Eq.4.10: irqlq + n^f^ + Q = 1113113 

• • • • • 

Entropy Eq.7.7: mjSj + m 2 S2 + Q/T res + S gen = 111383 


1 




MIXING 

CHAMBER 






From Table F.8.1 
From Table F.8.2 
From Table F.8.1 


tq = 42.6 Btu/lbm, s } = 0.0967 Btu/lbm R 
h 2 = 664.33 Btu/lbm, s 2 = 1.4074 Btu/lbm R 
h 3 = 610.92 Btu/lbm, s 3 = 1.3331 Btu/lbm R 


From the energy equation: 



m^h} - h 3 ) + Q 
h 3 - h 2 


10(42.6 -610.92) + 340 
610.92 - 664.33 


= 100.1 lbm/min 


=> m 3 = 110.1 lbm/min 

Sgen = m 3 s 3 - iii , s , - m 2 s 2 - Q/T res 

= 110.1x1.3331 - 10x0.0967 - 100.1x1.4074 


340 Btu 

559.67 = 4,37 R min 
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A condenser in a power plant receives 10 lbm/s steam at 130 F, quality 90% and 
rejects the heat to cooling water with an average temperature of 62 F. Find the 
power given to the cooling water in this constant pressure process and the total rate 
of enropy generation when condenser exit is saturated liquid. 

Solution: 

C.V. Condenser. Steady state with no shaft work term. 

• • • 

Energy Eq.4.12: m h- + Q = mh 

1 C 

Entropy Eq.7.8: m s- + Q/T + S gen = m s g 

Properties are from Table F.7.1 

h- = 98.0 + 0.9 x 1019.8 = 1015.8 Btu/lbm, h = 98.0 Btu/lbm 

1 C 

s- = 0.1817 + 0.9 x 1.7292 = 1.7380 Btu/lbm R, s p = 0.1817 Btu/lbm R 

1 C 

Q = -Q = m (h- - h ) = 10(1015.8 - 98.0) = 9178 Btu/s 

1 C 

^gen — m _ S P Qou/^ 

= 10(0.1817 - 1.738) + 9178/(459.7 + 62) 

= -15.563 + 17.592 = 2.03 Btu/s-R 

Often the cooling 
media flows inside a 
long pipe carrying the 
energy away. 
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A large supply line has a steady flow of R-410A at 175 psia, 140 F. It is used in 
three different adiabatic devices shown in Fig. P7.101, a throttle flow, an ideal 
nozzle and an ideal turbine. All the exit flows are at 60 psia. Find the exit 
temperature and specific entropy generation for each device and the exit velocity of 
the nozzle. 


Inlet state: F.9.2: hj = 143.11 Btu/lbm, Sj = 0.2804 Btu/lbm-R 


C.V. Throttle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.4. 13: hj = h e ( Zj = Z e and V’s are small) 

Entropy Eq.7.9: s e = Sj + } dq/T + s gen = Sj + 0 + s gen 

Exit state: h e = hj = 143.1 1 Btu/lbm, T e = 118.87 F, s e = 0.3076 kJ/kg-K 

s gen = s e - s i = 0.3076 - 0.2804 = 0.0272 Btu/lbm-R 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.4. 13: hj = h e + V^/2 ( Zj = Z e ) 

Entropy Eq.7.9: s e = Sj + } dq/T + s gen = Sj + 0 + 0 

The isentropic process (s e = Sj) gives from F.9.2 

T e = 49.15 F, s gen = 0, h e = 128.36 Btu/lbm 
The energy equation becomes 

Vg/2 = hj - hg = 143.1 1 - 128.36 = 14.75 Btu/lbm 

V e = \jl x 14.75 x 25037 = 859 ft/s 
Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from A.l 

Turbine: 

Process: Reversible and adiabatic => same as for nozzle except w, V e = 0 
Energy Eq.4. 13: hj = h e + w ( Zj = Z e ) 

T e = 49.15 F, s gen = 0, h e = 128.36 Btu/lbm 

i 


v s 
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2 2 

Air at 540 F, 60 lbf/in. with a volume flow 40 ft /s runs through an adiabatic 

turbine with exhaust pressure of 15 lbf/in. . Neglect kinetic energies and use 
constant specific heats. Find the lowest and highest possible exit temperature. For 
each case find also the rate of work and the rate of entropy generation. 

Tj = 540 F = 1000 R 

Vi = RTj /Pi = 53.34 x 1000/(60 x 144) = 6.174 ft 3 / lbm 

m = V N i =40 (ft 3 /s) / 6. 174 ft 3 / lbm = 6.479 lbm/s 

a. lowest exit T, this must be reversible for maximum work out. 

Process: Reversible and adiabatic => constant s from Eq.7.9 

k-1 

Eq.6.23: T e = Tj(P e /Pj) k = 1000 R (15/60) 0 ' 286 = 673 R 

w = 0.24 (1000 - 673) = 78.48 Btu/lbm ; W = mw = 508.5 Btu/s 

Sgen = 0 

b. Highest exit T, for no work out. T e = T i = 1000 R 

W = 0 

Sgen = m (s e - s i ) = - mR In (P e / P i ) 

= - 6.479 x In (15/60) = 0.616 Btu/s-R 
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A large supply line has a steady air flow at 900 R, 2 atm. It is used in three 
different adiabatic devices shown in Fig. P7.101, a throttle flow, an ideal nozzle 
and an ideal turbine. All the exit flows are at 1 atm. Find the exit temperature and 
specific entropy generation for each device and the exit velocity of the nozzle. 

C.V. Throttle, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.4. 13: hj = h e ( Zj = Z e and V’s are small) 

Entropy Eq.7.8: s e = Sj + } dq/T + s 2en = Sj + 0 + s gen 

Since it is air we have h = h(T) so same h means same T e = Tj = 900 R 

Sgen = s e - Si = s° e - s°i - R ln(P e / Pj) = 0 - (53.34 / 778) ln(l/2) 

= 0.0475 Btu/lbm-R 


C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.4. 13: hj = h e + V^/2 ( Zj = Z e ) 

Entropy Eq.7.9: s e = Sj + J dq/T + s gen = Sj + 0 + 0 

Use constant specific heat from Table F.4, C Po = 0.24 Btu/lbm-R, k = 1.4 

The isentropic process (s e = Sj) gives Eq.6.23 

k-l 

=> T e = Tj( P e /Pj) k = 900 (1/2) 0 2857 = 738.3 R 

The energy equation becomes: V~/2 = hj - h e = C P ( Tj - T e ) 

V e = \\2 C P ( Tj - T e ) = a/2x0.24(900-738.3) x 25037 = 1394 ft/s 
Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from A.l 




Turbine: 

Process: Reversible and adiabatic => constant s from Eq.7.9 

k-l 

Eq.6.23: T g = T/P^R) k = 900 x (1/2) 0 2857 = 738.3 R 

=> w = h- - h = C Po (T- - TJ = 0.24 x ( 900 - 738.3) = 38.8 Btu/lbm 

1C 1C 
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Repeat the previous problem for the throttle and the nozzle when the inlet air 
temperature is 4000 R and use the air tables. 

C.V. Throttle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.4. 13: hj = h e ( Zj = Z e and V’s are small) 

Entropy Eq.7.9: s e = Sj + I dq/T + s gen = Sj + 0 + s gen 

Since it is air we have h = h(T) so same h means same T e = Tj = 4000 R 

Sgen = S e - Sj = Sxe - - R ln(P e / Pi) = 0 - (53.34 / 778) ln(l/2) 

= 0.0475 Btu/lbm-R 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.4. 13: hj = h e + V^/2 ( Zj = Z e ) 

Entropy Eq.7.9: s e = Sj + } dq/T + s gen = s; + 0 + 0 

The isentropic process (s e = Sj) gives Eq.6.19 

0 = s e - Sj = Sj e - Sji - R ln(P e / Pi) 

=> sj e = s^ + R ln(P e / Pj) = 2.17221 + (53.34/778) In (1/2) = 2.12469 
T = 3846 R, h e = 912.2 Btu/lbm 
The energy equation becomes 

Vg/2 = hj - h e = 1087.988 - 912.2 = 175.79 Btu/lbm 

V e = a/ 2 x 25 037 x 175.79 = 2967 ft/s 
Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from A.l 

k 


v s 
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7.220 

9 

A supply of 10 lbm/s ammonia at 80 lbf/in. , 80 F is needed. Two sources are 

available one is saturated liquid at 80 F and the other is at 80 lbf/in. , 260 F. Flows 
from the two sources are fed through valves to an insulated mixing chamber, which 
then produces the desired output state. Find the two source mass flow rates and the 
total rate of entropy generation by this setup. 


Solution: 

C.V. mixing chamber + valve. Steady, no heat transfer, no work. 

Continuity Eq.4.9: 

mj + m 2 = m 3 ; 

Energy Eq.4.10: 

rh] h| + li^l^ = ^ 3^3 

Entropy Eq.7.7: 

mi Sl + m 2 s 2 + Sgen = m 3 s 3 




State 1: Table F.8.1 
State 2: Table F.8.2 
State 3: Table F.8.2 


h| = 131.68 Btu/lbm, 
h 2 = 748.5 Btu/lbm, 
h 3 = 645.63 Btu/lbm, 


Sj= 0.2741 Btu/lbm R 
S 2 = 1.4604 Btu/lbm R 
S 3 = 1.2956 Btu/lbm R 


As all states are known the energy equation establishes the ratio of mass flow 
rates and the entropy equation provides the entropy generation. 


h 3 -h 2 -102 87 

milB + (m 3 - m 1 )h 2 = m 3 h 3 => = m 3 , = 10 x _ 6l6S2 = 1.668 lbm/s 


=> rii 2 = m 3 - m 1 = 8.332 lbm/s 
Sgen = m 3 s 3 - ri^Sj - m 2 s 2 

= 10 xl.2956 - 1.668 x 0.2741 - 8.332 xl.46 = 0.331 Btu/s-R 
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An initially empty 5 ft tank is filled with air from 70 F, 15 psia until it is full. 
Assume no heat transfer and find the final mass and entropy generation. 


Solution: 

C.V. Tank + valve out to line. No boundary/shaft work, lrq = 0; Q = 0 and we 
recognize that this is a transient problem.. 

Continuity Eq. 4. 15: m 2 - 0 = nij 

Energy Eq. 4. 16: m 2 U 2 - 0 = nij hj 

Entropy Eq.7. 12: m 2 S 2 - 0 = mjSj + 0 + }S 2 gen 

State 2: P 2 = Pj and u 2 = hj = h line = h 2 - RT 2 (ideal gas) 

To reduce or eliminate guess use: h 2 - h line = C Po (T 2 - Ti ine ) 

Energy Eq. becomes: C Po (T 2 - Ti ine ) - RT 2 = 0 

t 2 - Tiine C Po /(C Po - R) = T line C Po /C Vo = k T line 

Use F.4: C P = 0.24 k = 1.4 => T 2 = 1.4x(70 + 460) = 742 R 


m 2 = P 2 V/RT 



15 psia x5 ft 3 x!44 (in/ft) 2 _ 
53.34 (ft lbf/lbm R) x 742R 


1 S 2 gen = m 2 ( s 2 - Sj) = m 2 [ C P ln(T 2 / T Une ) - R ln(P 2 / Pi ine )] 
= 0.2729[0.24 x ln(1.4) - 0] = 0.351 Btu/R 
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An empty cannister of volume 0.05 ft is filled with R-134a from a line flowing 
saturated liquid R-134a at 40 F. The filling is done quickly so it is adiabatic. How 
much mass of R-134a is in the cannister? How much entropy was generated? 


Solution: 

C.V. Cannister filling process where: 1 Q 2 = 0 ; j W 2 = 0 ; m 1 = 0 
Continuity Eq. 4. 15: m 2 - 0 = m in ; 

Energy Eq.4. 16: m 2 u 2 - 0 = m in h line + 0 + 0 => u 2 = h line 

Entropy Eq.7. 13: m 2 s 2 - 0 = m in s line + 0 + X S 2 gen 

Inlet state: Table F. 10.1 h ]ine = 88.56 Btu/lbm, s line = 0.244 Btu/lbm R 

State 2: ?2 = Piine an< 3 u 2 = h line = 88.56 Btu/lbm > u f 


x 2 


u 2 ' ll f 

u fg 


88.56-88.45 

75.16 


0.001464 


v 2 = 0.01253 + x 2 0.9395 = 0.013905 ft 3 /lbm 



s 2 = 0.244 + x 2 0.1678 = 0.24425 Btu/lbm R 


jS 2 gen = m 2 (s 2 - s nne ) = 3.596 (0.24425 - 0.244) = 0.0009 Btu/R 
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A can of volume 8 ft is empty and filled with R-410A from a line at 200 psia, 100 
F. The process is adiabatic and stops at P = 150 psia. Use Table F.9 to find the final 
temperature and the entropy generation. 

Solution: 

C.V. Cannister filling process where: 1 Q 2 = 0; j W 2 = 0 ; m | = 0 
Continuity Eq.4. 15: m 2 - 0 = m in ; 

Energy Eq.4. 16: m 2 u 2 - 0 = m in h line + 0 + 0 => u 2 = h line 
Entropy Eq.7.12: m 2 s 2 - 0 = m in s line + , S 2 gen 

1: Table F.9. 2 h line = 131.84 Btu/lbm, s line = 0.2578 Btu/lbm-R 
2: P 2 = 150 psia; u 2 = h line =^> T 2 = 152.8 F, s 2 = 0.29084 kJ/kg-K 

v 2 = 0.5515 ft 3 /lbm => m 2 = V/v 2 = 14.506 lbm 

1^2 gen — — m in^line — m 2^2 ~ ^line) 

= 14.506 (0.29084 - 0.2578) = 0.479 Btu/R 
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Air from a line at 1800 lbf/in. 2 , 60 F, flows into a 20-ft 3 rigid tank that initially 
contained air at ambient conditions, 14.7 lbf/in. 2 , 60 F. The process occurs rapidly 
and is essentially adiabatic. The valve is closed when the pressure inside reaches 
some value, P 2 . The tank eventually cools to room temperature, at which time the 

pressure inside is 750 lbf/in. 2 . What is the pressure P 2 ? What is the net entropy 
change for the overall process? 


CV: Tank. Mass flows in, so this is transient. Find the mass first 

14.7 x 144 x 20 

m 1 = P^/RTj = ^ ~ — = 1.526 lbm 


,34 x 520 

Fill to P 2 , then cool to T 3 = 60 F, P 3 = 750 psia 
m 3 = m 2 = P 3 V/RT 3 
750 x 144 x 20 


53.34 x 520 


= 77.875 lbm 


AT 


v = C 

1800 psia ^2 -| 

me yf 3 y/ 

750 psia 14.7 psia 

s 


Cont. Eq.: n^ = m 2 - nq = 77.875 - 1.526 = 76.349 lbm 

The filling process from 1 to 2 ( T| = T ; ) 

1-2 heat transfer = 0 so Energy Eq.: nqhj = m 2 u 2 - nquj 

m iC P0 Ti = m 2 C V0 T 2 - m , C V0 T , 


76.349 xQ,24 + 1.526x 0,171 
77.875 xO.171 


x 520 = 725.7 R 


P 2 = m 2 RT 2 /V = 77.875 x 53.34 x 725.7 / (144 x 20) = 1047 lbf/in 2 
Consider the overall process from 1 to 3 

Energy Eq.: Q cv + = m 2 u 3 - mjUj = m 2 h 3 - mjhj - (P 3 - PQV 

But, since Tj = T 3 = T|, mjhj = m 2 h 3 - nqlq 
=> Q cv = -(P 3 -PQV = -(750 - 14. 7)x20x 144/778 = -2722 Btu 
From Eq. 7. 13 also Eqs. 7. 24-7. 26 

lS 2 gen = m 3 S 3 " m l S l ' m i s i ' QcV /T 0 = m 3( S 3 ' s i) ' m l(Sl - Sj) - Q C V /T 0 



53.34 

f 750 ? 



53.34 

fl4.7? 


77.875 

o- 778 hi 

V 1 800; 


- 1.526 

o- 778 hi 

00 

o 

o 



+ 2722/520 = 9.406 Btu/R 
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A steam turbine inlet is at 200 psia, 800 F. The exit is at 40 psia. What is the 
lowest possible exit temperature? Which efficiency does that correspond to? 

We would expect the lowest possible exit temperature when the maximum 
amount of work is taken out. This happens in a reversible process so if we assume 
it is adiabatic this becomes an isentropic process. 

Exit: 40 psia, s = s in = 1.7659 Btu/lbm R => T = 409.6 F 

The efficiency from Eq.7.27 measures the turbine relative to an isentropic 
turbine, so the efficiency will be 100% . 
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A steam turbine inlet is at 200 psia, 800 F. The exit is at 40 psia. What is the 
highest possible exit temperature? Which efficiency does that correspond to? 

The highest possible exit temperature would be if we did not get any work 
out, i.e. the turbine broke down. Now we have a throttle process with constant h 
assuming we do not have a significant exit velocity. 


Exit: 40 psia, h = hj n = 1425.31 Btu/lbm => T = 786 F 


Efficiency: 






Remark: Since process is irreversible there is no area under curve in T-s diagram 
that correspond to a q, nor is there any area in the P-v diagram corresponding to a 
shaft work. 
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A steam turbine inlet is at 200 psia, 800 F. The exit is at 40 psia, 600 F. What is the 
isentropic efficiency? 

from table F.7.2 

Inlet: hj n = 1425.31 Btu/lbm, Sj n = 1.7659 Btu/lbm R 

Exit: h ex = 1333.43 Btu/lbm, s ex = 1.8621 Btu/lbm R 

Ideal Exit: 40 psia, s = Sj n = 1.7659 Btu/lbm R => h s = 1241.05 Btu/lbm 


w ac = h in - h ex = 1425.31 - 1333.43 = 91.88 Btu/lbm 
w s = hin - h s = 1425.31 - 1241.05 = 184.3 Btu/lbm 
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The exit velocity of a nozzle is 1500 ft/s. If il nozz i e = 0.88 what is the ideal exit 
velocity? 

The nozzle efficiency is given by Eq. 7.30 and since we have the actual exit 
velocity we get 

2 2 

^es = ^ac/O nozzle 

V e s = V ac/-\/ '1 nozzle = 1500 (ft/s) / y/(X88 = 1599 ft/s 
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A small air turbine with an isentropic efficiency of 80% should produce 120 
Btu/lbm of work. The inlet temperature is 1800 R and it exhausts to the 
atmosphere. Find the required inlet pressure and the exhaust temperature. 

Solution: 

C.V. Turbine actual energy Eq.4.13: 

w = h i ' h e,ac = 120 

Table F.5: hj = 449.794 Btu/lbm 

=> h e>ac = hj - 120 = 329.794 Btu/lbm, T e = 1349 R 
C.V. Ideal turbine, Eq.7.27 and energy Eq.4.13: 

w s = w/q s = 120/0.8 = 150 = hj - h e s => h e s - 299.794 Btu/lbm 

From Table F.5: T e s = 1232.7 R , s° e = 1.84217 Btu/lbm R 

Entropy Eq.7. 9: Sj = s e s adiabatic and reversible 

To relate the entropy to the pressure use Eq.6.19 inverted and standard entropy 
from Table F.5: 

778 

P e /Pj = exp[ (s° e - s° )/R ] = exp[(l. 84217 - 1.94209)^^] = 0.2328 
Pi = P e / 0.2328 = 14.7/0.2328 = 63.14 psia 


If constant heat capacity was used 

T e = Tj - w/C p = 1800 - 120/0.24 = 1300 R 

T es = T i - w s /C p = 1800 - 150/0.24 = 1175 R 
Eq.7. 9 (adibatic and reversible) gives constant s and relation is Eq.6.23 

P e /Pj = (Te/Tj)^' 1 ) => Pj = 14.7 (1800/1 175) 3 - 5 = 65.4 psia 
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Redo Problem 7.198 if the water pump has an isentropic efficiency of 85% (hose, 
nozzle included). 

Solution: 

C.V.: pump + hose + water column, total height difference 1 10 ft. Here V is 
velocity, not volume. 

Continuity Eq.4.3, 4.1 1: m in = m ex = (pAV) nozzle 

Energy Eq.4.12: m(-w p ) + m(h + V 2 /2 + gz) in = m(h + V 2 /2 + gz) ex 

Process: h in = h ex , V in = V ex = 0 , z ex - z in = 1 10 ft, p = 1/v = l/v f 

-w p = g(z ex - z in ) = 32.174 x (110 - 0)/25 037 = 0.141 Btu/lbm 

Recall the conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from Table A.l. The velocity 
in the exit nozzle is such that it can rise 30 ft. Make that column a C.V. for 
which Bernoulli Eq.7.17 is: 


1 2 

§ z noz 2 * noz — § z ex ^ 

^noz — ^2g(z ex - Z noz ) 

= v/2 x 32.174x 30 = 43.94 ft/s 



Assume: v = v F 70F = 0.01605 ft 3 /lbm 


n 


m = 


D)2 

VfUj 


V no7 = ( ti/ 4) (1 2 /144) x 43.94 / 0.01605 


\V_ = niw„/q= 14.92 x 0.141 x (3600/2544)/0.85 


pump 


14.92 lbm/s 

3.5 hp 
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Air enters an insulated compressor at ambient conditions, 14.7 lbf/in. 2 , 70 F, at the 
rate of 0.1 lbm/s and exits at 400 F. The isentropic efficiency of the compressor is 
70%. What is the exit pressure? How much power is required to drive the 
compressor? 

Solution: 

C.V. Compressor: Pj, T 1; T e (real), r| s CO mp known, assume constant C P0 
Energy Eq.4.13 for real: -w = C P0 (T e - Tj) = 0.24(400 - 70) = 79.2 Btu/lbm 

Ideal -w s = -w x r) s = 79.2 x 0.7 = 55.4 Btu/lbm 
Energy Eq.4.13 for ideal: 

55.4 = C P0 (T es - Tj) = 0.24(T es - 530), T es = 761 R 

Constant entropy for ideal as in Eq.6.23: 

k 

P e = Pi(T es /Ti)k-i = 14.7(76 1/530) 35 = 52.1 lbf/in 2 
-W RE al = m(-w) = 0.1 x 79.2 x 3600/2544 = 11.2 hp 
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A nozzle is required to produce a steady stream of R-134a at 790 ft/s at ambient 
conditions, 15 lbf/in. 2 , 70 F. The isentropic efficiency may be assumed to be 90%. 
What pressure and temperature are required in the line upstream of the nozzle? 

C.V. Nozzle, steady flow and no heat transfer. 

2 

Actual nozzle energy Eq.: tq = h 2 + V 2 /2 

State 2 actual: TableF.10.2 h 2 = 180.975 Btu/lbm 

2 790 2 

hi = h 9 + V 9 /2 = 180.975 + ~ = 193.44 Btu/lbm 

1 z z 2 x 25 037 

Recall 1 Btu/lbm = 25 037 ft 2 /s 2 from Table A.l. 

790 2 

Ideal nozzle exit: h 9s = h, - KE S = 193.44 - ~ ~ ~zzz /0.9 = 179.59 Btu/lbm 

- s 1 s 2 x 25 037 

Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from A.l 

State 2s: (P 2 , h 2s ) =^> T 2s = 63.16 F, s 2s = 0.4481 Btu/lbm R 


Entropy Eq. ideal nozzle: s } = s 2s 

State 1: (h l5 Sj = s 2s ) => Double interpolation or use software. 

For 40 psia: given hj then s = 0.4544 Btu/lbm R, T = 134.47 F 
For 60 psia: given hj then s = 0.4469 Btu/lbm R, T = 138.13 F 

Now a linear interpolation to get P and T for proper s 

_ 0,4481 -0.4544 _ o . 

Pi -40 + 20 _ 0.4544 - ^.8 P sia 

0.4481 -0.4544 

Tj = 134.47 + (138.13 - 134.47) 0 4469 _ 0 4544 = 137.5 F 
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A watercooled air compressor takes air in at 70 F, 14 lbf/in. 2 and compresses it to 
80 lbf/in. 2 . The isothermal efficiency is 88% and the actual compressor has the 
same heat transfer as the ideal one. Find the specific compressor work and the exit 
temperature. 

Solution: 

Ideal isothermal compressor exit 80 psia, 70 F 
Reversible process: dq = T ds => q = T(s e - Sj) 

q = T(s e - Si ) = T[ S j e - s°j - R ln(P e / Pj)j 

53.34 80 

= - RT In (P e / Pj) = - (460 + 70) In ^ = - 63.3 Btu/lbm 

As same temperature for the ideal compressor h e = hj => 

w = q = -63.3 Btu/lbm => w ac = w /q = - 71.93 Btu/lbm, q ac = q 
Now for the actual compressor energy equation becomes 
Oac + h i = h e ac + w ac => 

h e ac - h i = Oac - w ac = - 63.3 - (-71.93) = 8.63 Btu/lbm « C p (T e ac - Tj) 
T e ac = Tj + 8.63/0.24 = 105.9 F 
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Repeat Problem 7.199 for a pump/compressor isentropic efficiency of 70%. 
Solution: 

C.V.: Pump/Compressor, m = 1 lbm/s, R-410A 

a) State 1: Table F.9.1, xj = 1.0 Saturated vapor, Pj = P g = 76.926 psia, 

hj = h a = 118.21 Btu/lbm, Sj = s g = 0.2535 Btu/lbm R 
Ideal Compressor is isentropic, S 2 = Sj = 0.2535 Btu/lbm R 
h 2 = 134.54 Btu/lbm, T 2 = 130.5 F 
Energy Eq. 4. 13: q c + hj = h 2 + w c ; q c = 0 

w cs = h i-h 2 = 118.21 - 134.54 = - 16.33 Btu/lbm; 

Now the actual compressor 

w c, AC = w cs /r l = ' 23 - 33 = h l - h 2 AC 

h 2j AC = 134.54 + 23.33 = 157.87 => T 2 = 217 F 

=> W C in = m(-wc) = 23.3 Btu/s = 33 hp 

b) State 1: Tj = 10 F, xj = 0 Saturated liquid. This is a pump. 

Pi = 76.926 psia, hj = hf = 17.0 Btu/lbm, vj = Vf = 0.01316 ft 3 /lbm 
Energy Eq.4. 13: q p + h, = h 2 + w p ; q p = 0 

Ideal pump is isentropic and the liquid is incompressible, Eq.7.18: 
w ps = - 1 v dP = - Vl (P 2 - Pj) = -0.01316 (300 - 76.926) 144 

= -422.73 lbf-ft/lbm = - 0.543 Btu/lbm 
Now the actual pump 

w c, AC = w cs /r l = ' °- 776 = h l - h 2 AC 

h 2 = hi - w p = 17.0 - ( - 0.776) = 17.776 Btu/lbm, 

Assume State 2 is approximately a saturated liquid => T 2 = 12.2 F 

W P in = m(-wp) = 1 (0.776) = 0.776 Btu/s = 0.99 hp 
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Air at 1 atm, 60 F is compressed to 4 atm, after which it is expanded through a 
nozzle back to the atmosphere. The compressor and the nozzle both have 
efficiency of 90% and kinetic energy in/out of the compressor can be neglected. 
Find the actual compressor work and its exit temperature and find the actual nozzle 
exit velocity. 




Ideal compressor: w c = hj - h 2 , 


Steady state separate control volumes 
around compressor and nozzle. For ideal 
compressor we have inlet : 1 and exit : 2 
Adiabatic : q = 0. 

Reversible: s gen = 0 


Energy Eq.: tq + 0 = w c + h 2 ; 

Entropy Eq.: Sj + 0/T + 0 = s 2 


s 2 = s i 


The constant s from Eq. 6.23 gives 

k-l 

T 2 = T x (Pj/Pj) k = (459.7 + 60) R X (4/1) 0 2857 = 772 R 


=> -w c = h 2 - h i = C P (T 2 - T : ) = 0.24 (772 - 519.7) = 60.55 Btu/lbm 


Actual compressor: w c AC = w c s /q c = -67.3 Btu/lbm = tq - h 3 

=> T 3 = T, - w c AC /C P = 519.7 + 67.3/0.24 = 800 R 
Ideal nozzle: s 4 = s 3 so use Eq.6.23 again 

k-l 

=> T 4 = T 3 X (P 4 /P 3 ) k = 800 (1/4) 0 ' 2857 = 538.4 R 
\;/2 = h 3 - h 4 = C P (T 3 - T 4 ) = 0.24(800 - 538.4) = 62.78 Btu/lbm 
V ac /2 = V 2 x q NOZ /2 = 62.78 x 0.9 = 56.5 Btu/lbm 
V AC = \j2 x 56.5 x 25 037 = 1682 ft/s 

Remember conversion 1 Btu/lbm = 25 037 ft 2 /s 2 from Table A.l. 
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A rigid 35 ft 3 tank contains water initially at 250 F, with 50 % liquid and 50% 
vapor, by volume. A pressure-relief valve on the top of the tank is set to 150 
lbf/in. 2 (the tank pressure cannot exceed 150 lbf/in 2 - water will be discharged 
instead). Heat is now transferred to the tank from a 400 F heat source until the tank 
contains saturated vapor at 150 lbf/in. 2 . Calculate the heat transfer to the tank and 
show that this process does not violate the second law. 

C.V. Tank and walls out to the source. Neglect storage in walls. There is flow 
out and no boundary or shaft work. 

Continuity Eq.4.15: m 2 - lrq = - m e 


Energy Eq.4.16: m 2 u 2 - n^uj = - m e h e + : Q 2 

Entropy Eq.7.12: m 2 s 2 - mjSj = - m e s e + } dQ/T + ]S 2 gcn 
State 1: 250 F, Table F.7.1 v fl = 0.017, v gl = 13.8247 ft 3 /lbm 
m liq = V liq / v fl = 0.5 x 35/0.017 = 1029.4 lbm 


m vap=V vap / Vgj = 0.5 x35/13.8247 = 1.266 lbm 
m = 1030. 67 lbm 


x — m vap / (m liq + m vap) — 0.001228 
u = u fl + X u fgl = 218.48 + 0.001228 x 869.41 = 219.55 


s = s fl + x s fgl = 0.3677 + 0.001228 x 1.3324 = 0.36934 

state 2: v 2 = v g = 3.2214 ft 3 /lbm, u 2 = 1110.31, h 2 = 1193.77 Btu/lbm 


s 2 = 1.576 Btu/lbm-R 


m 2 = V/v 2 = 10.865 lbm 


From the energy equation we get 
lQ 2 = m 2 u 2 - mjuj + m e h e 


= 10.865 xlllO.31 - 1030.67x219.55 + 1019.8x1193.77 
= 1 003 187 Btu 

1^2 gen m 2 ~ "" " 1 Q 2 ^ T source 

= 10.865 x 1.576 - 1030.67 x 0.36934 + 1019.8 x 1.57 - 1003187/860 

= 77.2 Btu/R 
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8.a 

Can I have any energy transfer as heat transfer that is 100% available? 

By definition the possible amount of work that can be obtained equals the 
exergy. The maximum is limited to that out of a reversible heat engine, if constant 
T then that is the Carnot heat engine 

T 

W = (1 

So we get a maximum for an infinite high temperature T, where we approach an 
efficiency of one. In practice you do not have such a source (the closest would be 
solar radiation) and secondly no material could contain matter at very high T so a 
cycle process can proceed (the closest would be a plasma suspended by a 
magnetic field as in a tokamak). 

8.b 

Is electrical work 100% available? 

Yes. By definition work is 100% exergy. 

8.c 

A nozzle does not have any actual work involved, how should you then interpret 
the reversible work? 

The purpose of the nozzle is not to make work, but the reversible work can be 
used to generate kinetic energy in addition to what comes out of the actual nozzle. 
The reversible work plus the actual kinetic energy would equal the possible total 
kinetic energy out of the reversible nozzle. The other point is that the reversible 
nozzle has a heat transfer in (if the actual nozzle is irreversible) also unusual for a 
nozzle. 
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8.d 

If an actual control volume process is reversible what can you say about the work 
term? 

The work term is the maximum possible. If the work is positive it is the 
maximum possible work out and if the work is negative it is the minimum work 
possible that must be supplied. 

8.e 

Can entropy change in a control volume process that is reversible? 

Yes it can. A flow in or out at a state with a different entropy than the 
average entropy inside or a heat transfer will change the entropy. All the terms 
that changes the entropy are transfer terms so there is no net increase (generation) 
of entropy. 

8.f 

Energy can be stored as internal energy, potential energy or kinetic energy. Are 
those energy forms all 100% available? 

The internal energy is only partly available, a process like an expansion 
can give out work or if it cools by heat transfer out it is a Q out that is only partly 
available as work. Potential energy like from gravitation, mgH, or a compressed 
spring or a charged battery are forms that are close to 100% available with only 
small losses present. Kinetic energy like in a fly-wheel or motion of a mass can be 
transferred to work out with losses depending on the mechanical system. 
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8-g 

We cannot create nor destroy energy, can we create or destroy exergy? 

Yes. Every process that is irreversible to some degree destroys exergy. 
This destruction is directly proportional to the entropy generation. We cannot 
create exergy at most it can stay constant, which is the case for a reversible 
process. 

8.h 

In a turbine what is the source of exergy? 

The flow into the turbine is the source, it provides the conditions that 
allows the turbine to give work out. If the turbine exit flow has useful exergy we 
can write the net source as the inlet flow exergy minus the exit flow exergy 

8.i 

In a pump what is the source of exergy? 

The shaft work is the input that drives the pump, which in turn pushes on 
the flow to generate a higher pressure exit flow. The increase in the flow exergy is 
the desired output, that is expressing the increase in P in terms of exergy. 
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8.j 

In a pump what gains exergy? 

The higher pressure exit flow is the desired output. When we express that 
in terms of exergy it becomes the increase in the flow exergy that is the output, 
that is expressing the increase in P in terms of exergy. 

8.k 

In a heat engine what is the source of exergy? 

Generally it is the high temperature heat transfer. However, if the rejected 
heat transfer at the low temperature has any useful exergy we can also count the 
difference as the source. 

8.1 

In a heat pump what is the source of exergy? 

The work input is what drives the heat pump. 
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Sail 

In Eq.8.39 for the heat engine the source of exergy was written as a heat transfer. 
How does the expression look like if the source is a flow of hot gas being cooled 
down as it gives energy to the heat engine? 

Look at a heat exchanger that provides such a set-up in Fig. 8.3 

C.V. Heat exchanger plus H.E. 

Energy Eq.6.12: 

• • • • 

0 = m^hj - m^h2 - W - Ql 

Entropy Eq.7.2: 

0 = mjsj - m 1 s 2 - Ql/Io + S gen 
Solve for Q L and sustitute into energy Eq. 

Ql = T 0 mj (s! - s 2 ) + T 0 S gen 

W = mj [ hj - h 2 - T 0 (s , - s 2 )] - T 0 S gen 

= m, (\|/j - Y2)- T oS g en 

= hHL II m l (v 1 - ¥2) = hHE II W rev 
So the H.E. work is a fraction of the flow exergy. 
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Concept-Study Guide Problems 
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8.1 

Why does the reversible C.V. counterpart to the actual C.V. have the same storage 
and flow terms? 

If you want to compare two devices they should be comparable in as many 
respects as possible to be useful. Specifically when we want to find the possible 
work output all the aspects that can generate work are important and must be 
considered. The flows in and out and the storage effect are closely tied to the 
possible work output and thus should be the same for the two control volumes. 
Obviously one control volume that receives a high exergy flow or depletes its 
stored exergy can give out more work than a control volume that does not have 
such effects. 
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8.2 

Can one of the heat transfers in Eq.8.5-6 be to or from the ambient? 

Yes it can, then the reversible heat transfer we find from the ambient to 
balance the entropy is in addition to the one already listed. In many practical 
devices there is an actual heat transfer loss to the surroundings because of 
elevated temperatures inside the device. 
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8.3 

All the energy in the ocean is that available? 

No. Since the ocean is at the ambient T (it is the ambient) it is not possible 
to extract any work from it. You can extract wave energy (wind generated kinetic 
energy) or run turbines from the tide flow of water (moon generated kinetic 
energy). However, since the ocean temperature is not uniform there are a few 
locations where cold and warmer water flows close to each other like at different 
depths. In that case a heat engine can operate due to the temperature difference. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


8.4 

Does a reversible process change the exergy if there is no work involved? 

Yes. There can be heat transfer involved and that has an exergy associated 
with it, which then equals the change of exergy of the substance. A flow can enter 
and exit a device with different levels of exergy. What is unchanged is the total 
(CV plus surroundings) exergy that remains constant, but it may be redistributed. 
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Is the reversible work between two states the same as ideal work for the device? 

No. It depends on the definition of ideal work. The ideal device does not 
necessarily have the same exit state as the actual device. An ideal turbine is 
approximated as a reversible adiabatic device so the ideal work is the isentropic 
work. The reversible work is between the inlet state and the actual exit state that 
do not necessarily have the same entropy. 
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8.6 

When is the reversible work the same as the isentropic work? 

That happens when the inlet and exit states (or beginning and end states) 
have the same entropy. For a reversible adiabatic process in a C.V (which then is 
isentropic) the two work terms become the same. 
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8.7 

If I heat some cold liquid water to T 0 , do I increase its exergy? 

No. You decrease its exergy by bringing it closer to T 0 , where it has zero 

exergy, if we neglect pressure effects. Any substance at a T different from 
ambient (higher or lower) has a positive exergy since you can run a heat engine 
using the two temperatures as the hot and cold reservoir, respectively. For a T 
lower than the ambient it means that the ambient is the hot side of the heat engine. 
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8.8 

Are reversible work and exergy connected? 

Yes. They are very similar. Reversible work is usually defined as the 
reversible work that can be obtained between two states, inlet-exit or beginning to 
end. Exergy is a property of a given state and defined as the reversible work that 
can be obtained by changing the state of the substance from the given state to the 
dead state (ambient). 

The only difference is the work term exchanged with the ambient if the 
control volume changes its volume, W = P 0 AV. 
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8.9 

Consider exergy associated with a flow. The total exergy is based on the 
thermodynamic state, the kinetic and potential energies. Can they all be negative? 

No. By virtue of its definition kinetic energy can only be positive. The 
potential energy is measured from a reference elevation (standard sea level or a 
local elevation) so it can be negative. The thermodynamic state can only have a 
positive exergy the smallest it can be is zero if it is the ambient dead state. 
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8.10 

Verify that Eq.8.29 reduces to Eq.8.14 for a steady state process 


The expression for the reversible work is 

W rev = 6 q + Zm if i-Zmefe- ®CV + P 0 V (10.29) 

Definition of steady state is no storage effect so: 

V = 0; ®CV = 0 

the last two terms in Eq.8.29 drop out. Eq.8.14 is also written for a single flow so 
the summations are each a single term. 



X 


m e Vt = m Vi 


rn y/ e = m (i// i 



The heat transfer term is from Eq.8.21 and with single flow 


%= Z(l-^r)Qj =mX(l-Y7)qj 

Now we have 

T 

W iev = mX (1 -^r)q j + m(^ i - y/ t ) 


divide by the mass flow rate to get 

x- T o 

w rev = X (1 - ) qj + Vi ~Ve 

The last difference in exergies are from Eq.8.23 

V i — ~ (htot i — T 0 Sj) — (^tot e — T 0 S e ) 

which when substituted gives Eq.8.14. 


(10.21) 
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8.11 

What is the second law efficiency of a Carnot Heat engine? 

The Carnot Heat engine is by definition reversible and thus it delivers the 
maximum amount of work possible. It has a second law eficiency of 100%. 
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8.12 

What is the second law efficiency of a reversible heat engine? 

Since the reversible heat engine has no entropy generation it produces the 
maximum work possible and the actual work is the reversible work so it has a 
second law efficiency of 100%. 
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8.13 

For a nozzle what is the output and input (source) expressed in exergies? 

For the nozzle a high pressure low velocity inlet flow generates a higher 
velocity in the exit flow at the expense of the pressure. The desired output is the 
higher velocity expressed as kinetic energy, which is part of exergy. The source is 
the inlet high pressure expressed in flow exergy. 
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8.14 

Is the exergy equation independent of the energy and entropy equations? 

No. The exergy equation is derived from the other balance equations by 
defining the exergy from the state properties and the reference dead state. 
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8.15 

Use the exergy balance equation to find the efficiency of a steady state Carnot 
heat engine operating between two fixed temperature reservoirs? 


The exergy balance equation, Eq.8.38, for this case looks like 


0 = 


f, V 

• 

r v 

1 - T 

Qh- 

1 _ 

l t l J 


Q l -W + 0 + 0- 0- 0 


Steady state (LHS = 0) and dV/dt = 0, no mass flow terms, Carnot cycle so 
reversible and the destruction is then zero. From the energy equation we have 


o = Qh-Ql-w 

which we can subtract from the exergy balance equation to get 

n To. Jo • 

0 — — rp^ Qn + rp^ Ql 

Solve for one heat transfer in terms of the other 

• t l . 

Ql-j.. Qh 


H 


The work from the energy equation is 


T 


L 


W = Q h -Ql = Qh[1-^] 


from which we can read the Carnot cycle efficiency as we found in Chapter 7. 
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Exergy, Reversible work 
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8.16 

A control mass gives out 10 kJ of energy in the form of 

a. Electrical work from a battery 

b. Mechanical work from a spring 

c. Heat transfer at 500°C 

Find the change in exergy of the control mass for each of the three cases. 


Solution: 

a) Work is exergy 

b) Work is exergy 

c) Give the heat transfer to a Carnot heat engine and W is exergy 


AO = -W el = -10 kJ 
A© = -W spring = -10 kJ 


T 


AO = -[l-0Q out = -h- 

H a. 


298.15 s 

773.15 


7 


10 = -6.14 kJ 
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8.17 

A fraction of some power to a motor (1), 2 kW, is turned into heat transfer at 500 
K (2) and then it dissipates in the ambient at 300 K (3). Give the rates of exergy 
along the process 1-2-3. 


Solution: 

The exergy of an amount of heat transfer equals the possible work that can be 
extracted. This is the work out of a Carnot heat engine with heat transfer to the 
ambient as the other reservoir. The result is from Chapter 5 as also shown in 
Eq. 8.1 and Eq. 8.38 


1: <D = W = 2kW 

• • T 0 . 300 

2: ® = W revHE = (l- T )Q = (l-^)2kW = 0.8kW 

• • To • 300 

3: ® = W revH E = (l-^)Q = (l-^)2kW = 0kW 

As the energy transforms from wotrk to heat transfer it loses exergy and as the 
heat transfer goes to lower and lower T its exergy value drops ending as zero at 
the ambient T. 
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8.18 

A refrigerator should remove 1.5 kW from the cold space at -10°C while it rejects 
heat to the kitchen at 25 °C. Find the reversible work. 


The reversible work is related to the Carnot cycle work as the the two 
reservoirs are at constant temperatures. 


W = Q l / p ; 


P = Ql/w 


_ T l 263.15 
carnot ~ T H - T L _ 25 - (-10) 


7.52 


In general we have defined the reversible work with the standard sign 
definition 


• rev 

w 


= -Q L /p=-^ 


1A_ 

52 


kW = -0.2 kW 
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8.19 

A heat engine receives 5 kW at 800 K and 10 kW at 1000 K rejecting energy by 
heat transfer at 600 K. Assume it is reversible and find the power output. How 
much power could be produced if it could reject energy at T 0 = 298 K? 


Solution: 

C.V. The heat engine, this is in steady state. 
Energy Eq.: 0 = Qi + Q 2 ~Ql~W 


Entropy Eq.: 


Qi 02 Ql 

o = t i +t 0 ~t 


• • 


Ql Q 2 



Now solve for Ql from the entropy equation 


T 


L 


T 


L 


Ql — t. Qi Q 2 — 


600 


x 5 + 


600 


Tl ^ ' T 2 ^ “ 800 ~ ' 1000 


x 10 = 9.75 kW 


Substitute into the energy equation and solve for the work term 


W = Q : + Q 2 - Q L = 5 + 10 - 9.75 = 5.25 kW 
For a low temperature of 298 K we can get 

298 • 

Q L 2 = 500 Ql = 4.843 kW 
W = Q : + Q 2 - Q l = 5 + 10 - 4.843 = 10.16 kW 

Remark: Notice the large increase in the power output. 
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8.20 

A household refrigerator has a freezer at T F and a cold space at T c from which 
energy is removed and rejected to the ambient at T A as shown in Fig. P8.20. 

Assume that the rate of heat transfer from the cold space, Q c , is the same as from 

the freezer, Q F , find an expression for the minimum power into the heat pump. 

Evaluate this power when T A = 20°C, T c = 5°C, T F = -10°C, and Q F = 3 kW. 

Solution: 

C.V. Refrigerator (heat pump), Steady, no 
external flows except heat transfer. 

Energy Eq. : Q F + Q c + W in = Q A 

(amount rejected to ambient) 


Qc Qf 



< 


w 


>q a 


Reversible gives maximum work (minimum work in) as from Eq. 8.1 or 8. 1 1 
on rate form (standard sign notation for work). 


W rev = Q f 


= 3 


1 

H 

> 

i 

• 


t a " 

• 

T a 

1 - T 

L a f_ 

+ Q c 

l 

T c_ 

-Qa 

1 

: < 

H 

r- H 

1 


293.15 


293.15 

1 “263.15 

+ 3 

1 _ 278.15 


-0 


= -0.504 kW (negative so work goes in) 
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8.21 

An air compressor takes air in at the state of the surroundings 100 kPa, 300 K. 

The air exits at 400 kPa, 200°C using 100 kW of power. Determine the minimum 
compressor work input. 

C.V. Compressor, Steady flow, minimum work in is reversible work. 

Energy Eq.: 0 = h 1 -h 2 -w c => 

- w c = h 2 - hi = 475.8 - 300.47 = 175.33 kJ/kg 

m = W/- w c = 100 kW/175.33 = 0.57 kg/s 
\|/! = 0 at ambient conditions 

Get the properties from the air table A.7.1 and correct standard entropy for the 
pressure 

s 0 " s 2 = S T 0 ' s T 2 ' R MPc/Pl) 

= 6.86926 - 7.3303 - 0.287 ln( 100/400) = -0.06317 kJ/kg K 
y 2 = h 2 - h 0 + T 0 (s 0 - s 2 ) = 475.79 - 300.473 + 300 (-0.06317) 

= 156.365 kJ/kg 

-W REV = m(i|/ 2 - \|/j) = 0.57 kg/s (156.365 - 0) kJ/kg = 89.1 kW = W c min 
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8.22 

The compressor in a refrigerator takes refrigerant R-134a in at 100 kPa, -20°C 
and compresses it to 1 MPa, 60°C. With the room at 20°C find the minimum 
compressor work. 

Solution: 


C.V. Compressor out to ambient. Minimum work in 
is the reversible work. 

Steady flow, 1 inlet and 2 exit 

Energy Eq.: w c = h 1 - h 2 + q rev 

Entropy Eq.: s 2 = Sj + Jdq/T + s gen = Sj + q rev /T 0 + 0 

=> q rev = T g (s 2 - Sl ) 

W C min = h l - h 2 + T 0 (S 2 - Si) 

= 387.22 - 441.89 + 293.15 x (1.7818 - 1.7665) 
= -54.67 + 4.4852 

= -50.18 kj/kg 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


8.23 

Calculate the reversible work out of the two-stage turbine shown in Problem 4.86, 
assuming the ambient is at 25°C. Compare this to the actual work which was 
found to be 18.08 MW. 

C.V. Turbine. Steady flow, 1 inlet and 2 exits. 

Use Eq. 8.11 for steady flow with q = 0 for adiabatic turbine. 

Supply state 1: 20 kg/s at 10 MPa, 500°C 

Process steam 2: 5 kg/s, 0.5 MPa, 155°C, 

Exit state 3: 20 kPa, x = 0.9 
Table B. 1.3: hj = 3373.7, h 2 = 2755.9 kJ/kg, 

s 1 = 6.5966, s 2 = 6.8382 kJ/kg K 

Table B.1.2: h 3 = 251.4 + 0.9 x 2358.3 = 2373.9 kJ/kg, 

s 3 = 0.8319 + 0.9 x 7.0766 = 7.2009 kJ/kg 

W rev = (nijlij - m 2 h 2 - m 3 h 3 ) - T 0 (ra l s l - m 2 s 2 - m 3 s 3 ) 

= 20 x 3373.7 - 5 x 2755.9 - 15 x 2373.9 

- 298.15 (20 x 6.5966 - 5 x 6.8382 - 15 x 7.2009) 

= 21.14 MW = W ac + Q rev = 18084 kW + 3062.7 kW 
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8.24 

Find the specific reversible work for a steam turbine with inlet 4 MPa, 500°C and 
an actual exit state of 100 kPa, x = 1.0 with a 25°C ambient. 

Solution: 

Steam turbine T 0 = 25°C = 298.15 K 

Inlet state: Table B. 1.3 hj = 3445.2 kJ/kg; Sj = 7.090 kJ/kg K 

Exit state: Table B. 1.2 h e = 2675.5 kJ/kg; s e = 7.3593 kJ/kg K 

From Eq.8.14 asuming it to be adiabatic, 

w rev = (hj - T 0 Sj) - (h e - T 0 s e ) = (hj - h e ) + T 0 (s e - Sj) 

= (3445.2 - 2675.5) + 298.2(7.3593 - 7.0900) 

= 769.7 + 80.3 = 850.0 kJ/kg 
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8.25 

A steam turbine receives steam at 6 MPa, 800°C. It has a heat loss of 49.7 kJ/kg 
and an isentropic efficiency of 90%. For an exit pressure of 15 kPa and 
surroundings at 20°C, find the actual work and the reversible work between the 
inlet and the exit. 

C.V. Reversible adiabatic turbine (isentropic) 

w x = hj - h e s ; s e s = Si = 7.6566 kJ/kg K, hj = 4132.7 kJ/kg 

x e s = (7.6566 - 0.7548)/7.2536 = 0.9515, 
h e s = 225.91 + 0.9515x2373.14 = 2483.9 kJ/kg 
w X s = 4132.7 - 2483.9 = 1648.79 kJ/kg 
C.V. Actual turbine 

w T,ac = ti w t,s = 1483.91 kJ/kg 
— h| - h e ac - cj] oss => 

h e ,ac = hi - qioss - w x , ac = 4132.7 - 49.7 - 1483.91 = 2599.1 kJ/kg 
Actual exit state: P, h => saturated vapor, s e ac = 8.0085 kJ/kg K 
C.V. Reversible process, work from Eq.8.14 

kJ 

q R = T 0 (s e ac - s^ = 293.15 x (8.0085 - 7.6566) = 103.16 ^ 
w R = ^ - h e ac + q R = 4132.7 - 2599.1 + 103.16 = 1636.8 kJ/kg 
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8.26 

A compressor in a refrigerator receives R-410A at 150 kPa, -40°C and it brings it 
up to 600 kPa, using an actual specific work of 58.65 kJ/kg in an adiabatic 
compression. Find the specific reversible work. 

Energy Eq.: 0 = h 1 -h 2 -w 

State 1: B.4.2 h : = 263.99 kJ/kg, Sl = 1.1489 kJ/kg K 
h 2 = h : - w = 263.99 + 58.65 = 322.64 kJ/kg 
State 2: B.4.2 P, h 2 => s 2 = 1.2152 kJ/kg K 


w rev = - ^ 2 = h l -^-TqCsj -s 2 ) 

= -58.65 - 298.15 (1.1489 - 1.2152) 
= -58.65 + 19.767 = -38.9 kJ/kg 
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8.27 

Air flows through a constant pressure heating device, shown in Fig. P8.27. It is 
heated up in a reversible process with a work input of 200 kJ/kg air flowing. The 
device exchanges heat with the ambient at 300 K. The air enters at 300 K, 400 
kPa. Assuming constant specific heat develop an expression for the exit 
temperature and solve for it by iterations. 

C.V. Total out to T 0 

Energy Eq.: h, + qj’p - w rev = h 2 

Entropy Eq. : Sj + qo V / T o = s 2 => OcT = T o ( s 2 ' s l) 

h 2 - hj = T 0 (s 2 - Sj) - w rev (same as from Eq. 8.14) 

Constant C p gives: C p (T 2 - T : ) = T 0 C p In (T 2 /Tj) + 200 

The energy equation becomes 

T 2 _ 200 

T 2 " To ln( m )-T 1 + p 

A i 

Tj = 300 K, C p = 1.004 kJ/kg K, T 0 = 300 K 

T 2 200 

T 2 - 300 In ( ) = 300 + yyyy = 499.3 K 

Now trial and error on T 2 

At 600 K LHS = 392 (too low) 

At 800 K LHS = 505.75 

Linear interpolation gives T 2 = 790 K (LHS = 499.5 OK) 
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8.28 

An adiabatic and reversible air compressor takes air in at 100 kPa, 310 K. The air 
exits at 600 kPa at the rate of 0.4 kg/s. Determine the minimum compressor work 
input and repeat for an inlet at 295 K instead. Why is the work less for a lower 
inlet 77 

Compressor. Reversible adiabatic, constant s: 

/ p 2 yr /600\0.2857 

Inlet at 310 K: T 2S = T^^y K = 310 =517.2K 

The reversible process ensures the minimum work input. 


W = m(-w s ) = mCp 0 ( T 2S - Tj) 

= 0.4 kg/s x 1.004 kJ/kg-K x (517.2 - 310) K 

= 83.2 kW 


/P 2 \1T /600\0.2857 

Inlet at 295 K: T 2S = Tj k = 295 = 492.2 K 

W = m(-w s ) = mCpo( T 2S - T,) = 0.4 x 1.004 (492.2 - 295) 

= 0.4 kg/s x 1.004 kJ/kg-K x (492.2 - 295) K 

= 79.2 kW 

The work term is reduced due to the reduced specific volume, vj, recall Eq. 7.15 
for the indicated shaft work. 
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8.29 

An air flow of 5 kg/min at 1500 K, 125 kPa goes through a constant pressure heat 
exchanger, giving energy to a heat engine shown in Figure P8.29. The air exits at 
500 K and the ambient is at 298 K, 100 kPa. Find the rate of heat transfer 
delivered to the engine and the power the engine can produce. 


Solution: 

C.V. Heat exchanger 

• • 

Continuity eq.: mj = m 2 ; 

• • 

Energy Eq.4.12: m^hj = mih 2 + 


Table A.7.1: hj = 1635.8 kJ/kg, 
h 2 = 503.36 kJ/kg, s, = 8.61209 



s 2 = 7.38692 kJ/kg K 


Q h = m(h! - h 2 ) = Jj ^ (1635.8 - 503.36) = 94.37 kW 

Notice T H is not constant so we do not know the heat engine efficiency. 
C.V. Total system for which we will write the second law. 


• • • • 

Entropy Equation 7.8: msj + S gen = m s 2 + Q L /T 0 


Process: Assume reversible S gcn = 0, and P = C for air 

Q L = T 0 m ( Sl - s 2 ) = 298 K (8.61209 - 7.38692) ^ 
= 30.425 kW 

Energy equation for the heat engine gives the work as 
W = Q h - Ql = 94.37 - 30.425 = 63.9 kW 
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8.30 


Water at 800°C, 15 MPa is flowing through a heat exchanger giving off energy to 
come out as saturated liquid water at 15 MPa in a steady flow process. Find the 
specific heat transfer and the specific flow-exergy the water has delivered. 

Let us fix the states first from Table B.1.2 and B.1.3: 

State 1 (in): h = 4092.43 kJ/kg, s = 7.2040 kJ/kg K 

State 2 (ex): h= 1610.45 kJ/kg, s = 3.6847, T = 342.24°C = 615.4 K 
CV Heat exchanger, no work. 

Energy Eq.: q out = h in - h ex = 4092.43 - 1610.45 = 2482 kJ/kg 

Flow exergy: A v|/ = Win “ Vex = ( h - T o s )in “ ( h “ T o s )ex 

— 9out — T 0 (Sj n — s ex ) 

= 2482 - 298.15(7.2040 - 3.6847) 

= 1432.7 kJ/kg 
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8.31 

A rock bed consists of 6000 kg granite and is at 70°C. A small house with lumped 
mass of 12000 kg wood and 1000 kg iron is at 15°C. They are now brought to a 
uniform final temperature with no external heat transfer by connecting the house 
and rock bed through some heat engines. If the process is reversible, find the final 
temperature and the work done in the process. 

Solution: 

Take C.V. Total (rockbed and heat engine) 

Energy Eq.: m rock (u 2 - u,) + m wood (u 2 - u , ) + m Fe (u 2 - u , ) = -,W 2 

Entropy Eq.: m rock (s 2 - s,) + m wood (s 2 - s,) + m Fe (s 2 - s,) = 0 

T, T 2 Tt 

(mC) r0 ck ln + ( mC )wood ln + (mC) Fe ln = 0 

6000 x 0.89 In (T 2 /343.15) + 12000 x 1.26 In (T 2 /288.15) 

+ 1000 x 0.46 In (T 2 /288.15) = 0 

=> T 2 = 301.3 K 

Now from the energy equation 

-,W 2 = 6000 kg x 0.89 kJ/kgK x (301.3 - 343.15) K 

+ (12000 x 1.26 + 1000 x 0.46) kJ/K x (301.3 - 288.15) K 
=> jW 2 = 18 602 kj 
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8.32 

A constant pressure piston/cylinder has 1 kg of saturated liquid water at 100 kPa. 
A rigid tank contains air at 1200 K, 1000 kPa. They are now thermally connected 
by a reversible heat engine cooling the air tank and boiling the water to saturated 
vapor. Find the required amount of air and the work out of the heat engine. 


CV. Tank, piston/cyl. and the heat engine. 

The minimum amount of air is when T 2 of air equals water T = 99.62 C. 



State: 1 = initial air 

2 = final air 

3 = initial water 

4 = final water 


For this CV only W HE and W pist cross the control surface no heat transfer. The 
entropy equation Eq.6.3 and Eq.6.37 for a reversible process becomes 

( S 2 - Sl)tot = m air( s 2 " s l) + m H2o( s 4 “ S3) = 0 + 0 


m H2o( s 4 ' s 3) = m H20 s fa = 1 kg x 6.0568 kJ/kg-K = 6.0568 kJ/K 


s 2 — Sj = C v In 


T2 v 2 

— + R In— =C 
T 1 V 1 


T 

In ^ = 0.717 In 
M 


372.77 

1200 


= -0.838256 kJ/kg-K 

Now solve for the air mass from entropy equation 

6.0568 

m air = - m H2o( s 4 ~ S 3 ) / (s 2 - Sj) = — _ 0 . 8382 56 = 7-2255 kg 


Let us find the two heat transfers 

Energy Eq, water: m H20 (u 4 - u 3 ) = Q H20 - W H20 ; W H20 = Pm(v 4 - v 3 ) 

Qh 20 = m H2o( u 4 ‘ u 3) + W H 2 o ” m H2o(h4 ‘ h 3 ) = m H20 h fg = 2258.02 kJ 
Energy Eq. air: m air (u 2 - u,) = -Q air - 0 = m air C v (T 2 - T , ) 

Q air = 7.2255 kg 0.717 (1200 - 372.77) = 4285.6 kJ 
Now the work out of the heat engine is 

W HE = Qair ~ Qh20 = 4285.6 - 2258.02 = 2027.6 kJ 
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8.33 

A piston/cylinder has forces on the piston so it keeps constant pressure. It contains 
2 kg of ammonia at 1 MPa, 40°C and is now heated to 100°C by a reversible heat 
engine that receives heat from a 200°C source. Find the work out of the heat engine. 


C.V. Ammonia plus heat engine 

Energy: m am (u 2 - Uj) = jQ^oo - W HE - |W 2 pist 
Entropy: m am (s 2 - s,) = , Q 2 /T res + 0 

— 1 Q 2 — m am( s 2 ~ S 1 ^ res 
Process: P = const. => {W 2 = P(v 2 - Vj)m am 

Substitute the piston work term and heat transfer 
into the energy equation 

W H.E. = m am(s 2 ' Sl)T res - m am (h 2 - h,) 


NH 

3 

1 


r q 

pi] 

V s - cb J 


£> W 




/ 200 ( t \ 


Table B.2.2: 


w h.e. - ^ x 


h| = 1508.5 kJ/kg, Sj - 
h 2 = 1664.3 kJ/kg, s 2 = 

[(5.6342- 5.1778)473.15 - 


5.1778 kJ/kg K, 

5.6342 kl/kgK 

(1664.3 - 1508.5)] = 120.3 kj 
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8.34 

A basement is flooded with 16 m 3 of water at 15 °C. It is pumped out with a small 
pump driven by a 0.75 kW electric motor. The hose can reach 8 m vertically up 
and to ensure the water can flow over the edge of a dike it should have a velocity 
of 20 m/s at that point generated by a nozzle, see Fig. P8.34. Find the maximum 
flow rate you can get and how fast the basement can be emptied. 


C.V. Pump plus hose and nozzle, single steady state flow. For maximum flow rate 
assume reversible process so from Eq.8.14: 

w rev = T 0 (s 2 - Si) - (h 2 tot - hj tot ) + 0 

Since we have no heat transfer and reversible s is constant and with a liquid flow 
T is also constant so h 2 = hj. We could also have used Bernoulli equation. 

w rev = - & + gH - 0) = - (| 20 2 + 9.81 x 8) = -278.5 J/kg 


0.75 kW 

m - W/ (-w ) - o 2785 kj/kg - 2693 kg^ 

m = V/v = 16 m 3 / 0.001 m 3 /kg = 16 000 kg 


At = m / 



16 000 kg 
2.693 kg/s 


= 5941 sec = 99 min. 
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Irreversibility 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


8.35 

A 20°C room is heated with a 2000 W electric baseboard heater. What is the rate 
of irreversibility? 

Let us not consider any storage in the room or any heat loss but just the effect of 
the heating process. Electric power comes in to the heater and leaves as heat 
transfer to the room air. 


C.V. heater 
Entropy Eq.: 
Irreversibility: 





<=> 


s 



gen T 


air 


T = T S 

A A o ^gen 


293.15 Kx 


2000 W 
293.15 K 


= 2000 W 
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8.36 

A refrigerator removes 1.5 kW from the cold space at -10°C using 750 W of 

power input while it rejects heat to the kitchen at 25°C. Find the rate of 
irreversibility. 


C.V. Refrigerator 


Ql 

Tl 


Qh = Ql + w = 1.5 kW + 0.75 kW = 2.25 kW 
2250 W 1500 W 

s gen - 298.15 K " 263.15 K - L8464 W/K 


Irreversibility: I = T 0 S gen = 298.15 K x 1.8464 W/K = 550 W 


Energy Eq.: 


Entropy Eq.: 


0 = Q L + W - Q h 
0 = $^-$^ + $ 


* Qh = Ql + W 

Qh 


t l t 


H 


gen 


S = 

°gen p 1 


H 
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8.37 

Calculate the irreversibility for the condenser in Problem 7.100 assuming an 
ambient temperature at 17°C. 

Solution: 

C.V. Condenser. Steady state with no shaft work term. 

• • • 

Energy Equation 4.12: m ht + Q = mh 

1 C 

• • • • 

Entropy Equation 7.8: m s- + Q/T + S gen = m s g 

Properties are from Table B.1.2 

h- = 225.91 + 0.9 x 2373.14 = 2361.74 kJ/kg , h = 225.91 kJ/kg 

1 C 

s- = 0.7548 + 0.9 x 7.2536 = 7.283 kJ/kg K, s p = 0.7548 kJ/kg K 

From the energy equation 

Q = -Q = m (h- - h ) = 5(2361.74 - 225.91) = 10679 kW 

1 C 

From the entropy equation 

Sgen = m (s e - Sj) + Q out /T = 5(0.7548 - 7.283) + 10679/(273.15 + 17) 

= -32.641 + 36.805 = 4.164 kW/K 
From Eq.8.13, 

i = T q s gen = 290.15 x 4 - 164 = 1208 kW 

Often the cooling 
media flows inside a 
long pipe carrying 
the energy away. 
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8.38 

A throttle process is an irreversible process. Assume an air flow at 1000 kPa, 400 
K runs through a valve out to ambient 100 kPa. Find the reversible work and 
irreversibility assuming an ambient temperature at 25°C. 

Solution: 

C.V. Throttle. Steady state, adiabatic q = 0 and no shaft work w = 0. 

Energy Eq. 4. 13: h e = hj so temperature is constant 

o o 1 000 

s e - Sj = s Te - s Ti - R ln(P e /Pj) = -0.287 In ^qq = -0.6608 kJ/kg K 

The reversible work is the difference in exergy expressed in Eq.6.11, 8.14 and 
8.29 per unit mass flow 

w rev = Vj - v|/ e = (hj - T 0 Sj) - (h e - T 0 s e ) = (hj - h e ) + T 0 (s e - Sj) 

= 0 + 298.15 (- 0.6608) = 197 kJ/kg 
i = w rev - w = 197 - 0 = 197 kJ/kg 
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8.39 

A compressor in a refrigerator receives R-410A at 150 kPa, -40°C and it brings it 

up to 600 kPa, 40°C in an adiabatic compression. Find the specific work, 
reversible work, entropy generation and irreversibility. 

States: 1: B. 4. 2 fq = 263.99 kJ/kg, sj = 1.1489 kJ/kg K 

2: B.4.2 h 2 = 322.64 kJ/kg, s 2 = 1.2152 kJ/kg K 

C.V. Compressor, steady state, q = 0, no KE, PE energies. 

Energy Eq.: w = fq - h 2 = 263.99 - 322.64 = -58.65 kJ/kg 

Entropy Eq.: 0 = Sj - s 2 + s gen ■=> 

Sgen = S 2 - Sj = 1.2152 - 1.1489 = 0.0663 kJ/kg-K 

w rCV = W\ ~ ^2 = h l - h 2- T 0( S l “ S 2) 

= -58.65 - 298.15 (1.1489 - 1.2152) 

= -58.65 + 19.767 = -38.9 kJ/kg 

Irreversibility: i = T 0 s gen = 298.15 K x 0.0663 kJ/kg-K = 19.77 kJ/kg 
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8.40 

A constant pressure piston/cylinder contains 2 kg of water at 5 MPa and 100°C. 

Heat is added from a reservoir at 600°C to the water until it reaches 600°C. We 
want to find the total irreversibility in the process. 

Solution: 

C.V. Piston cylinder out to the reservoir (inch the walls). 

Energy Eq.: m(u 2 - u : ) = jQ 2 - : W 2 

Entropy Eq.: m(s 2 - s,) = !Q 2 /T res + ,S 2 gen 
State 1: hj = 422.71 kJ/kg, S} = 1.303 kJ/kg K 
State 2: h 2 = 3666.47 kJ/kg, s 2 = 7.2588 kJ/kg K 
Process: P = C => 1 W 2 = P(V 2 -V 1 ) 


h 2 o 

“ N 

ft? 

2 

_ / 

A 

600 °C 


From the energy equation we get 

jQ 2 = m(u 2 - uj) + : W 2 = m(h 2 - hj) = 2(3666.47 - 422.71) = 6487.5 kJ 

From the entropy equation we get 

1Q2 6487.5 kJ 

l s 2 gen = m ( s 2 ' s l) “ = 2(7.2588 - 1.303) - 273 + 6Q0 = 4.4816 ^ 

rc s 

Now the irreversibility is from Eq. 8.18 

kJ 

jl 2 = m ji 2 = T 0 jS 2 g en = 298.15 K x 4.4816 ^ = 1336 kJ 
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8.41 

A constant “flow” of steel parts 2 kg/s at 20°C goes into a furnace where they are 

heat treated to 900°C by a source at an average 1250 K. Find the reversible work 
and the irreversibility in this process? 

• • 

Energy Eq.: 0 = m(h i -h e ) + Q 

• • • 

Entropy Eq.: 0 = m(sj - s e ) + Q / T s + S gen 

Q = m(h e - hj) = mCp (T e - Tj) = 2 kg/s x 0.46 kJ/kg-K x 880 K 
= 809.6 kW 

S g en = m(s e - Sj) - Q / T s = mCp ln(T e /Ti) -Q/T s 

= 2 kg/s x 0.46 kJ/kg-K x ln(1173 / 293) - 809.6 kW / 1250 K 
= 0.6285 kW/K 

i = T 0 S gen = 293 K x 0.6285 kW/K = 184.15 kW 
The reversible work is equal to the irreversibility plus the actual work, Eq.8.12 

W eV = i + W ac = i = 184.15 kW 
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8.42 

Calculate the reversible work and irreversibility for the process described in 
Problem 3.146, assuming that the heat transfer is with the surroundings at 20°C. 
Solution: 

Linear spring gives 

1 W 2 = /PdV = |(P 1 +P 2 )(V 2 -V 1 ) 

lQ 2 = m(u 2 - Ui) + iW 2 
Equation of state: PV = mRT 

State 1: Vj = mRTj/Pj = 2 x 0.1889 x 673.15 /500 = 0.5087 m 3 
State 2: V 2 = mRT 2 /P 2 = 2 x 0.1889 x 313.15 /300 = 0.3944 m 3 
jW 2 = |(500 + 300)(0.3944 - 0.5087) = -45.72 kJ 

From Figure 3.26: C p (T avg ) = 5.25 R = 0.99 => C v = 0.803 = C p - R 
For comparison the value from Table A. 5 at 300 K is C v = 0.653 kJ/kg K 
jQ 2 = mC v (T 2 - Tj) + jW 2 = 2x 0.803(40 - 400) - 45.72 = -623.9 kJ 

iW 2 ev = T g (S 2 - Sj) - (U 2 - Ui) + jQ 2 (1 - T 0 /T h ) 

= T 0 m(s 2 - Sj) + : w 2 - : Q 2 T 0 /T 0 

= T 0 m[C P ln(T 2 / Tj) - R ln(P 2 / Pj)] + jW 2 C - jQ 2 

= 293.15 x 2 [ 0.99 ln(3 13/673) - 0.1889 ln(300/500)] - 45.72 + 623.9 
= -387.8 - 45.72 + 623.9 = 190.4 kJ 

jl 2 = jW 2 eV - !W 2 C = 190.4 - (-45.72) = 236.1 kJ 
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8.43 

An air compressor receives atmospheric air at T 0 = 17°C, 100 kPa, and 

compresses it up to 1400 kPa. The compressor has an isentropic efficiency of 88% 
and it loses energy by heat transfer to the atmosphere as 10% of the isentropic 
work. Find the actual exit temperature and the reversible work. 

C.V. Compressor 

Isentropic: w c in s = h e s - h ; ; s e>s = Sj 
From table A. 7.1 and entropy equation we get 

s° e s = Sti + R In (P e /Pj) = 6.83521 + 0.287 ln(14) = 7.59262 kJ/kgK 
Back interpolate in Table A.7: => h e s = 617.23 kJ/kg 

w c,in,s = 617.23 - 290.43 = 326.8 kJ/kg 
Actual: w c in ac = w c in s /q c = 371.36 kJ/kg; q loss = 32.68 kJ/kg 

^c,in,ac - ^e,ac 9loss 

=> h e ac = 290.43 + 371.36 - 32.68 = 629.1 kJ/kg 
=> T e ac = 621 K 

Reversible: w rev = hj - h e ac + T 0 (s e ac - s ; ) 

= 290.43 - 629.1 + 290.15 x (7.6120 - 6.8357) 

= -338.67 + 225.38 = -113.3 kJ/kg 

Since q loss is also to the atmosphere it is the net q exchanged with the ambient 
that explains the change in s. 
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8.44 

Two flows of air both at 200 kPa of equal flow rates mix in an insulated mixing 
chamber. One flow is 1 kg/s at 1500 K and the other is 2 kg/s at 300 K. Find the 
irreversibility in the process per kilogram of air flowing out. 

C.V. Mixing chamber 

• • • 

Continuity Eq..: lrq + m 2 = m 3 

• • • 

Energy Eq.: lrqlq + rn 2 h 2 = m 3 h 3 

• • • • 

Entropy Eq.: lrqsj + m 2 s 2 + S gen = m 3 s 3 

Properties from Table A. 7 

h 3 = (hj + 2h 2 )/3 = (1635.8 + 2 x 300.47)/3 = 745.58 kJ/kg 
=> s T3 = 7.7848 kJ/kg K (linear interpolation) 

From the entropy equation (same P so no correction for that) 

S gen /m 3 = s 3 - (sj + 2 s 2 )/3 = 7.7848 - (8.61208 + 2 x 6.86926)/3 
= 0.3346 kJ/kg K 

i = i/m 3 = T 0 S gen /m 3 = 298.15 x 0.3346 = 99.76 kJ/kg 


1 


^ 

MIXING 

CHAMBER 
V 




200 kPa 
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8.45 

Fresh water can be produced from saltwater by evaporation and subsequent 
condensation. An example is shown in Fig. P8.45, where 150-kg/s saltwater, state 
1, comes from the condenser in a large power plant. The water is throttled to the 
saturated pressure in the flash evaporator and the vapor, state 2, is then condensed 
by cooling with sea water. As the evaporation takes place below atmospheric 
pressure, pumps must bring the liquid water flows back up to Pq. Assume that the 

saltwater has the same properties as pure water, the ambient is at 20°C and that 
there are no external heat transfers. With the states as shown in the table below 
find the irreversibility in the throttling valve and in the condenser. 


State 

1 

2 

5 

7 

8 

T [°C] 

30 

25 

23 

17 

20 

h [kJ/kg] 

125.77 

2547.2 

96.5 

71.37 

83.96 

s [kJ/kg K] 

0.4369 

8.558 

0.3392 

0.2535 

0.2966 


C.V. Valve. P 2 = P sat (T 2 = T 3 ) = 3.169 kPa 

• • • 

Continuity Eq.: lrq = m ex = m 2 + m 3 

Energy Eq.: h , = h e ; Entropy Eq.: s , + s gen = s e 

h e = hj => x e = (125.77 - 104.87)/2442.3 = 0.008558 

=> s e = 0.3673 + 0.008558 x 8.1905 = 0.4374 kJ/kg K 

m 2 = (1 - x^irq = 148.716 kg/s 
Sgen = s e - si = 0.4374 - 0.4369 = 0.000494 kJ/kg K 

i = mT 0 s gen = 150 x 293.15 x 0.000494 = 21.72 kW 
C.V. Condenser. 

• • • • 

Energy Eq.: m 2 h 2 + m 7 h 7 = m 2 h 5 + m 7 h 8 => 

2547.2 - 96.5 kg 

m 7 = m 2 x (h 2 - h 5 )/(h 8 - h 7 ) = 148.716 x 33 95 - 71 37 = ^8 948 f 

• • • • • 

Entropy Eq.: m 2 s 2 + m 7 s 7 + S gen = m 2 s 5 + m 7 s 8 

I = T oS ge „ = T 0 Lm 2 (s 5 - s 2 ) + m 7 (s 8 - s 7 )_ 

= 293. 15[ 148.7 16(0.3392 - 8.558) + 28948(0.2966 - 0.2535)] 

= 293.15 x 25.392 = 7444 kW 
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8.46 

A rock bed consists of 6000 kg granite and is at 70°C. A small house with lumped 
mass of 12000 kg wood and 1000 kg iron is at 15°C. They are now brought to a 
uniform final temperature by circulating water between the rock bed and the 
house. Find the final temperature and the irreversibility of the process, assuming 
an ambient at 15°C. 

C.V. Total Rockbed and house. No work, no Q irreversible process. 

Energy Eq.: (mC) rock (T 2 - 70) + (mC wood + mC Fe )(T 2 - 15) = 0 

T 2 = 29.0°C = 302.2 K 

Entropy Eq.: S 2 - Sj = £ m i ( s 2 - N)i = 0 + S gen 

302.2 302.2 

S g en = X m i( s 2' s i)i = 5340 In ^ + 15580 In ^^5 = 63.13 kJ/K 
,I 2 = (T 0 ),S 2 gen = 288.15 x 63.13 = 18 191 kj 
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8.47 

A computer CPU chip consists of 50 g silicon, 20 g copper, and 50g polyvinyl 

chloride (plastic). It now heats from ambient 25°C to 70°C in an adiabatic process 
as the computer is turned on. Find the amount of irreversibility. 

C.V. CPU chip. The process has electrical work input and no heat transfer. 

Entropy Eq.: S 2 - Sj = £ m i( s 2 - Si)i = J d Q/T + iS 2 gen = 1$2 gen 

Irreversibility: il 2 = T 0 iS 2 g e n 

For the solid masses we will use the specific heats, Table A. 3, and they all have 
the same temperature so 

X m i( s 2 - s l)i = Z m i C i ln ( T 2 / T l)i = ln ( T 2 /T i) Z m i C i 
^mjCi = 0.05 X 0.7 + 0.02 x 0.42 + 0.05 x 0.96 = 0.0914 kJ/K 

lS 2 gen = S 2 - Sj = 0.0914 x ln (343.15 / 288.15) = 0.016 kJ/K 
jl 2 = T 0 jS 2 gen = 298.15 K x 0.016 kJ/K = 4.77 kj 
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8.48 

A car air-conditioning unit has a 0.5-kg aluminum storage cylinder that is sealed 
with a valve and it contains 2 L of refrigerant R-134a at 500 kPa and both are at 
room temperature 20°C. It is now installed in a car sitting outside where the whole 
system cools down to ambient temperature at -10°C. What is the irreversibility of 
this process? 

C.V. Aluminum and R-134a 

Energy Eq.: m A1 (u 2 - Uj) A1 + m R (u 2 - Uj) R = jQ 2 - ,W 2 (jW 2 = 0) 

Entropy Eq.: m AL (s 2 - s,) A , + m R (s 2 - s,) R = |Q 2 /T 0 + ^ gen 

Table A. 3 for specific heat C v A1 = C p A1 = 0.9 kJ/kg K 
(u 2 - U] ) A1 = C v A1 (T 2 - Tj) = 0.9(-10 - 20) = - 27 kJ/kg 
(s 2 - sj)^ = C PtA1 ln^/Tj) = 0.9 ln(263. 15/293. 15) = -0.09716 kJ/kg K 
Table B.5.2: v t = 0.04226 m 3 /kg, Uj = 390.5 kJ/kg, 

sj = 1.7342 kJ/kg K, m R i 34a = V/vi = 0.0473 kg 

v 2 = Vl = 0.04226 & T 2 => x 2 = (0.04226 - 0.000755)/0.09845 = 0.4216 
u 2 = 186.57 + 0.4216x185.7 = 264.9 kJ/kg, 
s 2 = 0.9507 + 0.4216x0.7812 = 1.2801 kJ/kg K 
: Q 2 = 0.5 x (-27) + 0.0473(264.9 - 390.5) = - 19.44 kJ 

iS 2 gen = 0.5 (-0.09716) + 0.0473(1.2801 - 1.7342) + = 0.003815 kJ/K 

,I 2 = T 0 ( jS 2 gen ) = 263.15 x 0.003815 = 1.0 kJ 
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8.49 

■J 

R-134a is filled into an insulated 0.2 m initially empty container from a line at 
500 kPa, saturated vapor until the flow stops by itself. Find the final mass and 
temperature in the container and the total irreversibility in the process. 

Solution: 

C.V. Cannister filling process where: !Q 2 = 0; jW 2 = 0 ; m 1 = 0 
Continuity Eq.4.20: m 2 - 0 = m in ; 

Energy Eq.4.21: m 2 u 2 - 0 = m in h line + 0 + 0 => u 2 = h line 

Entropy Eq.7. 13: m 2 s 2 - 0 = m in s line + 0 + iS 2 gen 
Inlet state: Table B.5.1 h line = 407.45 kJ/kg, s line = 1.7198 kJ/kg K 
State 2: ?2 = Piine an( l u 2 = h line = 407.45 kJ/kg > u g => T 2 = 40°C 

v 2 = 0.04656 m 3 /kg, s 2 = 1.7971 kJ/kg K 
m 2 = V / v 2 = 0.2/0.04656 = 4.296 kg 
l s 2 gen = m 2 (s 2 - s Une ) = 4.296 (1.7971 - 1.7198) = 0.332 kJ/K 



v V 
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8.50 

The water cooler in Problem 5.24 operates steady state. Find the rate of exergy 
destruction (irreversibility). 


Energy equation for heat exchanger 


Ql = m(hj - h 2 ) = m C P (T , - T 2 ) 

= 0.4 kg/s x 4.18 kJ/kg-K x (35 - 15) K 
= 33.44 kW 


r 



p = COP = Q L / W ^ 


W = Q L /p = 33.44/3 = 11.15 kW 


Energy equation for the refrigerator 


Q h = Q L + W = 33.44 kW + 11.15 kW = 44.59 kW 
C.V. Total 


Entropy Eq. : 0 = m(s i - s 2 ) - Qh / t H + S gen 


Sgen - Qh/Th “ m(Si - s 2 ) - Qj/Th “ r ^C p ln(T ]/T 2 ) 


_ 44.59 kW 
_ 298.15 K 


0.4 kg/s x 4.18 kJ/kg-K x In 


308.15 

288.15 


= 0.0857 kW/K 


i = T 0 S gen = 298.15 K x 0.0857 kW/K = 25.55 kW 
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8.51 

Air enters the turbocharger compressor (see Fig. P8.51), of an automotive engine 
at 100 kPa, 30°C, and exits at 200 kPa. The air is cooled by 50°C in an intercooler 
before entering the engine. The isentropic efficiency of the compressor is 75%. 
Determine the temperature of the air entering the engine and the irreversibility of 
the compression-cooling process. 

Solution: 

a) Compressor. First ideal which is reversible adiabatic, constant s: 

/200\0.2857 

T 2 s = = 303.15 = 369.5 K 

w s = C P0 (T, - T 2S ) = 1.004(303.15 - 369.5) = -66.565 kJ/kg 
Now the actual compressor 

w = w s /r) s = -66.565/0.75 = -88.75 kJ/kg = C P (Tj - T 2 ) 

=>T 2 = 391.55 K 


T 3 (to engine) - T 2 - AT INTERCOOL er - 391.55 - 50 
= 341.55 K = 68.4°C 


b) Irreversibility from Eq.8.15 with rev. work from Eq.8.14, (q = 0 at T H ) 


s 3 - Sj = 1.004 In 


(341.55' 


-0.287 In 


.303.15/ 
i = T(s 3 -s 1 )-(h 3 -h 1 )-w 


( 2003 

100J 


= -0.0792 


kJ 


kg K 


[ w rev = (hj - Tsj) - (h 3 - Ts 3 ) ] 


= T(s 3 - Sl ) - C P (T 3 - Tj) - CpCTj - T 2 ) 

= 303. 15(-0. 0792) - 1.004(-50) = +26.2 kJ/kg 
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8.52 

A constant pressure piston/cylinder has 1 kg of saturated liquid water at 100 kPa. 
A rigid tank contains air at 1000 K, 1000 kPa. They are now thermally connected 
by conduction through the walls cooling the air tank and bringing the water to 
saturated vapor. Find the required amount of air and the irreversibility of the 
process assuming no external heat transfer. 

State: 1 = initial air 

2 = final air 

3 = initial water 

4 = final water we assume T4 = T2 



Take CV as each of the masses. This gives Q from the two energy equations. 
Q = m H2o( u 4 ' u 3) + W H2 o = m H2o(^4 ~ ^3) = m H20 h fg = 2258.02 kJ 

Q = - m air( u 2 - u l) = ~ m air C v ( T 2 " T t) 

2258.02 

m air _ m H20 fyg ' C v (T ] - T 2 ) - q -jyj ^qqq _ 377 77 ) — 5.0209 kg 


The entropy equation Eq.8.37 for an irreversible process becomes 
(S2 - Si) tot = m ail .(s 2 - sj) + m H20 (s 4 - s 3 ) = 0 + : S 2 gen 

m H2o( s 4 ' s 3) = m H20 s fg = 1 kg x 6.0568 kJ/kg-K = 6.0568 kJ/K 

T 2 v 2 T 2 372.77 kJ 

s 2 - Sj = C v ln^r + R In— = C v In f = 0.717 In ^qqq = -0.70753 

Now solve for the entropy generation 

1$2 gen = m air( s 2 ~ s l) + m H2o( s 4 ~ s 3) 

= 5.0209 (-0.70753) + 6.0568 = 2.5044 kJ/K 
,I 2 = T 0 ( jS 2 gen ) = 298.15 x 2.5044 = 746.6 kJ 
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Exergy 
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8.53 

The automatic transmission in a car receives 25 kW shaft work and gives out 23 
kW to the drive shaft. The balance is dissipated in the hydraulic fluid and metal 

casing, all at 45 °C, which in turn transmits it to the outer atmosphere at 20°C. 
Find all the exergy transfer rates. 


Solution: 

C.V. Total unit. Steady state 
and surface at 45°C 

Exergy transfer: 


r 


® H = 


1- 


T 3 
x 0 


V 


T 


W 


Qh; 



The two shaft works are 100% exergy 

• • • • 

®W = W = 25 kW coming in and = W = 23 kW leaving 


The remaingning balance of energy leaves as heat transfer from the 45 °C surface 


T 




® 


out with Q 


1 - 


o 


293.15 


v 


T 


Surface/ 


Qout ~ ( 1 273 15 + 45 ^ ” 0.157 kW 


Here we used 293.15 for the reference T as it was the ambient. Once the heat 
transfer is redistributed at the ambient T the exergy transfer is zero. 
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8.54 


A heat engine receives 1 kW heat transfer at 1000 K and gives out 400 W as work 
with the rest as heat transfer to the ambient. What are the fluxes of exergy in and 
out? 


1 kW = 0.702 kW 


Exergy flux in: = 


• 

( T ^ 

1 0 

• 

f 298.15A 

o H = 

1 ~ T 
l 1 Hy 

Qh = 

l 1 ~ 1000 J 


Exergy flux out: = 


( T \ 

1- o 


V 


T 


LJ 


Q l = 0 ( T l = T 0 ) 


The other exergy flux out is the power 6 out = W = 0.4 kW 


\ 


1000 K 




y 


Q h = 1 kW 



y 


fimb ^ 
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8.55 

In a refrigerator 1 kW is removed from the -10°C cold space and 1.3 kW is 

moved into the 30°C warm space. Find the exergy fluxes including direction 
associated with the two heat transfers. 


T o . 298.15 

= (! - Qh = a - 303^5) 13 kW = 0.021 kW 

T 0 . 298.15 

= (1 - 7") QL = (1 - ’263^5) 1 kW = 0133 kW 

L 1 

I.e. the flux goes into the cold space! Why? As you cool it T < T 0 and 
you increase its exergy, it is further away from the ambient. 


\ 30 c / 


D Q H =13kW 



7 tZ x 


The refrigerator gives 0.133 kW of exergy 
to the cold space and 0.021 kW to the hot 
space in terms of exergy driven by a work 

input of W = (1.3 - 1) = 0.3 kW that is a 
second law efficiency of about 50%. 
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8.56 

A steady stream of R-410A at ambient temperature, 20°C and 800 kPa enters a 

solar collector and it exits at 80°C, 600 kPa. Calculate the change in exergy of the 
R410a. 

Solution: 










> inlet SOLAR COLLECTOR exit 

\ 



Inlet (T,P) Table B.4.2: h, = 300.02 kJ/kg, Sj = 1.1 105 kJ/kg K 

Exit (T,P) Table B.4.2: h e = 359.67 kJ/kg, s e = 1.3265 kJ/kg K 

From Eq.8.23 or flow terms in Eq.8.38 

A V ie = ¥ e ~ ¥ i = (he - h ; ) - T 0 (s e - Sj) = (359.67 - 300.02) 
- 293.15(1.3265 - 1.1105) = -3.67 kJ/kg 

Remark: it is negative due to the pressure loss. 
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8.57 

A heat pump has a coefficient of performance of 2 using a power input of 3 kW. 
Its low temperature is T 0 and the high temperature is 80°C, with an ambient at T 0 . 
Find the fluxes of exergy associated with the energy fluxes in and out. 

First let us do the energies in and out 

Qh 

COP = p = — => Q H = p W = 2 x 3kW = 6kW 

W 


Energy Eq.: Q L = Q H -W = 6- 3 = 3kW 


Exergy flux in: = 


1 - 


T 3 

1 o 


V 


T 


L J 


Ql = o 


(T l = T 0 ) 


Exergy flux in: O w = W = 3 kW 
Exergy flux out: = 


• 

( T ^ 

1 0 

• 

f 298.153 

® H = 

i - T 
3 l w 

Qh = 

[} ~ 353. 15j 


6 kW = 0.935 kW 


Remark: The process then destroys (3 - 0.935) kW of exergy. 

\ 80°C / 
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8.58 

A flow of air at 1000 kPa, 300 K is throttled to 500 kPa. What is the 
irreversibility? What is the drop in flow exergy? 

A throttle process is constant enthalpy if we neglect kinetic energies. 

Process: h e = hj so ideal gas => T e = Tj 

P P 

oo L e L e 

Entropy Eq.: s e - Sj = s gen = s Te - s Ti - R In = 0 - R In 

s gen = - 0.287 In (500 / 1000) = 0.2 kJ/kg K 
Eq.8.15: i = T 0 s gen = 298 0.2 = 59.6 kJ/kg 

The drop in exergy is exergy destruction, which is the irreversibility 

A\| / = i = 59.6 kJ/kg 
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8.59 

A power plant has an overall thermal efficiency of 40% receiving 100 MW of 
heat transfer from hot gases at an average of 1300 K and rejects heat transfer at 

50°C from the condenser to a river at ambient temperature 20°C. Find the rate of 
both energy and exergy a) from the hot gases and b) from the condenser. 

C.V. High T heat exchanger. 


Energy flux in: 
Exergy flux in: 


Q h = 100 MW 


• 

' V 

• 

f 293.153 

® H = 

i- T 
v T w 

Qh = 

7 ~ 1300 J 


100 MW = 77.45 MW 


C.V. condenser. 

• • 

Overall power plant: W = r|Q H so from energy equation 

Energy flux out Q L = Qh - W = (1 - rq) Qh = 0.6 x 100 MW = 60 MW 

60 MW = 5.57 MW 



• 

r t 0 i 

• 

f 293.153 

Exergy flux out: 

o L = 

1- T 
3 J LJ 

Ql = 

7 ~ 323. 15j 
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8.60 

Find the change in exergy from inlet to exit of the condenser in Problem 7.48. 
Solution: 

Condenser of Prob. 7.48 has inlet equal to turbine exit. 

State 2: P 2 = 20 kPa; s 2 = Sj = 6.7993 kJ/kg K 

=> x 2 = (6.7993 - 0.83 19)/7. 0766 = 0.8433 
h 2 = 2240.1 kJ/kg 

State 3: P 2 = P 3 ; T 3 = 40°C; Compressed liquid assume sat. liq. same T 

Table B.1.1 h 3 = 167.5 kJ/kg; s 3 = 0.5724 kJ/kg K 
From Eq.8.23 or from flow terms in Eq.8.38 

¥3 - ¥2 = ( h 3 - T o s 3) - ( h 2 ' T G s 2 ) 

= (h 3 - h 2 ) - T g (s 3 - s 2 ) 

= (167.5 - 2240.1) - 298.2(0.5724 - 6.7993 ) 

= -2072.6 + 1856.9 = -215.7 kJ/kg 
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8.61 

Calculate the change in exergy (kW) of the two flows in Problem 7.105. 
Solution: 

A 

The two flows in the heat exchanger 4 n ' 

exchanges energy and thus also exergy 
(exergy). Fist find state 4 
Air A. 7: h, = 1046.22, h 2 = 401.3 kJ/kg, 

s^ = 8.1349, s^ 2 = 7.1593 kJ/kg K 

Water B.1.1: h 3 = 83.94 kJ/kg, s 3 = 0.2966 kJ/kg K 

Energy Eq.6. 10: m AIR Ah A[R = m H20 Ah H20 


1 air 


3 water 


h 4 - h 3 = (m AIR /m H20 )(hi - h 2 ) = (2/0.5)644.92 = 2579.68 kJ/kg 

h 4 = h 3 + 2579.68 = 2663.62 < h g at 200 kPa 

T 4 = T sat = 120.23°C, 

x 4 = (2663.62 - 504.68)/2201.96 = 0.9805, 

s 4 = 1.53 + x 4 5.597 = 7.01786 kJ/kg K 

We consider each flow separately and for each flow exergy is Eq.8.23, include 
mass flow rate as in Eq.8.38, use T 0 = 20 C 

For the air flow: 


• • 

m l(Vi - ¥2 ) = m i [ hi - h 2 - T 0 ( si - s 2 ) ] 

= 2 [ 1046.22-401.3 - 293.2(8.1349-7.1593 -0.287 lny^)] 

= 2 (644.92 - 267.22 ) = 755.4 kW 
For the water flow: 

• • 

m 3 (\|/ 4 - \|/ 3 ) = m 3 [ h 4 - h 3 - T 0 ( s 4 - s 3 ) ] 

= 0.5 [ 2663.62 - 83.94 - 293.2(7.01786 - 0.2966)] 

= 0.5[ 2579.68 - 1970.7 ] = 304.7 kW 
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8.62 

A steady-flow device receives R-410A at 40°C, 800 kPa and it exits at 40°C, 100 
kPa. Assume a reversible isothermal process. Find the change in specific exergy. 

C.V. The steady flow device assume T 0 = 25°C 

Inlet (T,P) Table B.4.2: h ; = 319.42 kJ/kg, Sj = 1.1746 kJ/kg K 

Exit (T,P) Table B.4.2: h e = 330.12 kJ/kg, s e = 1.4380 kJ/kg K 

From Eq.8.22 or 10.23 

A\|/ ie = Ve - Vi = ( h e - h i) - T o( s e - s i) = (330.12 - 319.42) 

- 298.2(1.4380 - 1.1746) = -67.85 kJ/kg 

The device is like an expander, P drops so work is out and s increases so heat 
transfer comes in. 
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8.63 

Consider the springtime melting of ice in the mountains, which gives cold water 
running in a river at 2°C while the air temperature is 20°C. What is the exergy of 
the water relative to the temperature of the ambient? 

Solution: 

\|/ = hj - h 0 - T 0 ( Sl - Sq) flow exergy from Eq.8.22 
Approximate both states as saturated liquid from Table B.1.1 
y = 8.392 - 83.96 - 293.15(0.03044 - 0.2966) = 2.457 kj/kg 

Why is it positive? As the water is brought to 20°C it can be heated with q L 
from a heat engine using q H from atmosphere T H = T 0 thus giving out work. 



Clip-art from Microsoft. 
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8.64 

Nitrogen flows in a pipe with velocity 300 m/s at 500 kPa, 300°C. What is its 
exergy with respect to an ambient at 100 kPa, 20°C? 


Solution: 

From the exergy or exergy in Eq.8.22 
¥ = hi - h o + (1/2) Vj - TqCsj - s 0 ) 

T P 

= C p (Tj - T 0 ) + (1/2) V? - T 0 [c„ lnfc 1 ) - R lnfe 1 ) ] 


= 1.042(300 - 20) + 

= 272 kj/kg 


0 


30Cr ( 

2000 - 293.15^1.042 In 


o 


4 573.15 


293.15 


- 0.2968 In 


450033 

uoojj 


Notice that the high velocity does give a significant contribution. 
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8.65 

Compressed air for machines and tools in a plant is generated by a central 
compressor receiving air at 100 kPa, 300 K, 1 kg/s delivering it at 600 kPa to a 
buffer tank and a distribution pipe. After flowing through the tank and pipe the air 
is at the ambient 300 K at its point of use. Assume a reversible adiabatic 
compressor and find the compressor exit temperature and the increase in air 
exergy through the compressor. 

C.V. Compressor 

Energy: 0 = hj-h 2 + w c ; Entropy: 0 = s 1 -s 2 + 0 

s 2 - Si = Sj 2 - Sji - R ln(P 2 /P|) find s T2 and then T 2 
or with constant specific heat 

/600\0.2857 

T 2 = Ti = 300 (iQQ J = 500.5 K 

Exergy increase through the compressor matches with the compressor work 
v l ; 2 ~ v l ; i = (^2 “ hi) - T 0 (s 2 - Si) = h 2 - hj = C p (T 2 - Tj) = w c 
= 1.004 kJ/kgK (500.5 - 300) K = 201.3 kj/kg 
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8.66 

For the air system in the previous problem find the increase in the air exergy from 
the inlet to the point of use. How much exergy was lost in the flow after the 
compressor exit? 

From inlet, state 1 to final point of use state 3. 

¥3 - Vi = ( h 3 - h l) - T o( s 3 - Si) = 0 - T 0 [0 - R ln(P 3 /Pj)] 

= T 0 R lntPg/Pj) = 298.15 Kx 0.287 kJ/kgK x In (600/100) 

= 153.3 kj/kg 

Compressor exit, reversible adiabatic, constant s process: 82 = 8 ! 

/P 2 \ir /600\0.2857 

T 2 = T 1 (^r y ) k =300 (ioo; = 500.5 K 

So then 

Viost = ¥2 - ¥3 = - (¥3 - ¥l) + (¥2 - ¥l) = - (¥3 - ¥l) + h 2 - hj 

= - (\j/ 3 - \|/j) + C P0 (T 2 - T | ) 

= - 153.3 kJ/kg + 1.004 kJ/kgK x (500.5 - 300) K 

= 48 kj/kg 
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8.67 

Calculate the exergy of the water at the initial and final states of Problem 6.130, 
and the irreversibility of the process. 

State properties 

1: Uj = 83.94 kJ/kg, sj = 0.2966 kJ/kg K, , vj = 0.001 m 3 /kg 
2: u 2 = 3124.3 kJ/kg, s 2 = 7.7621 kJ/kg K, v 2 = 0.354 m 3 /kg 
0: u G = 104.86 kJ/kg, s 0 = 0.3673 kJ/kg K, v 0 = 0.001003 m 3 /kg 

Process transfers: jW 2 C = 203 kJ, = 3243.4 kJ, T H = 873.15 K 
4> = (u - T 0 s) - (u 0 - T 0 s 0 ) + P G ( v - v Q ) 

^ = (83.94 - 298.15x0.2966) - (104.86 - 298.15x0.3673) 

+ 100 (0.001002 - 0.001003) = 0.159 kJ/kg 
(j) 2 = (3124.3 - 298.15x7.7621) - (104.86 - 298.15x0.3673) 

+ 100 (0.35411 - 0.001003) = 850 kJ/kg 

jl 2 = m((j) 1 - fc) + [1 - (T 0 /Th)J,Q 2 C - !W 2 C + P 0 ( V 2 - Vi) 

298.15 

= -849.84 + (1 - g73 15 ) 3243.4 - 203 + 100 (0.3541 - 0.001) 

= -849.84 + 2135.9 - 203 + 35.31 = 1118 kj 

[(Sgen = 3.75 kJ/K; T o S gen = 1118 kJ SO OK] 
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8.68 

A geothermal source provides 10 kg/s of hot water at 500 kPa, 145°C flowing into 
a flash evaporator that separates vapor and liquid at 200 kPa. Find the three fluxes 
of exergy (inlet and two outlets) and the irreversibility rate. 

C.V. Flash evaporator chamber. Steady flow with no work or heat transfer. 


Cont. Eq.: 1112 = 1112 + 1113 ; 

• • • 

Energy Eq.: m^hj = m 2 h 2 + nighg 



Entropy Eq.: m 1 s 1 + S gen = m 2 s 2 + 1 H 3 S 3 

B.1.1: h 0 = 104.87, s Q = 0.3673, B. 1.4: hj = 610.7, sj = 1.7902 

B.1.2: h 2 = 2706.63, s 2 = 7.1271, h 3 = 504.68, s 3 = 1.530 


h| = xh 2 + (1 - x) I 13 


• • h l - h 3 

> x = m 2 /m i = hyrRj 


0.04815 


m 2 = xmj = 0.4815 kg/s m 3 = (l-x)!^ = 9.5185 kg/s 
Sgen = 0-4815 x 7.1271 + 9.5185 x 1.53 - 10 x 1.7902 = 0.093 kW/K 


Flow exergy Eq.8.22: \j/ = (h - T 0 s) - (h Q - T 0 s 0 ) = h - h Q - T 0 (s - s G ) 


v|/i = 610.7 - 104.87 - 298.15 (1.7902 - 0.3673) = 81.59 kJ/kg 
V 2 = 2706.63 - 104.87 - 298.15 (7.1271 - 0.3673) = 586.33 kJ/kg 
v |/ 3 = 504.68 - 104.87 - 298.15 (1.53 - 0.3673) = 53.15 kJ/kg 

m, Vl = 815.92 kW m 2 \|/ 2 = 282.3 kW m 3 \|/ 3 = 505.9 kW 

Balance of flow terms in Eq.8.38 

• • • • • 

1 = m l ¥l - m 2 ¥2 - m 3¥3 = 27 - 7 kW ( = T 0 S gen ) 
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8.69 


An air compressor is used to charge an initially empty 200-L tank with air up to 5 
MPa. The air inlet to the compressor is at 100 kPa, 17°C and the compressor 
isentropic efficiency is 80%. Find the total compressor work and the change in 
exergy of the air. 

C.V. Tank + compressor Transient process with constant inlet conditions, no 
heat transfer. 

Continuity: m 2 ~ m i = m in ( m ] = 0 ) Energy: m 2 u 2 = m in h in - ,W 2 

Entropy: m 2 s 2 = m in s in + ,S 2 gen 

Reversible compressor: iS 2GEN = 0 => s 2 = s in 

State 1: Vj = RT ] /P , = 0.8323 m 3 /kg, the ambient state 


State inlet, Table A. 7.1: h in = 290.43 kJ/kg, s Ein = 6.83521 kJ/kg K 

o o p 2 5000 

Eq.6.19: s T2 = s Tin + R In (^~) = 6.83521 + 0.287 In = 7.95796 

Table A.7.1 => T 2 s = 854.6 K, u 2 s = 637.25 kJ/kg 

=> )W 2 s = h in - u 2 s = 290.43 - 637.25 = -346.82 kJ/kg 


Actual compressor: ]W 2 AC = iW 2 s /r| c = -433.53 kJ/kg 
u 2 ,AC = h in - 1W 2 ,AC = 290.43 -(-433.53) = 723.96 kJ/kg 

T 2,ac = 958.5 K, s^ ac = 8.08655 kJ/kg K 


State 2 u, P v 2 = RT 2 /P 2 = 0.05502 m /kg so m 2 = V 2 /v 2 = 3.635 kg 


=> | W 2 = m 2 ( i w 2 AC ) = -1575.9 kj 
m 2 ((j) 2 - c^) = m 2 [u 2 - Uj + P 0 (v 2 - Vj) - T 0 (s 2 - s , ) j 

= 3.635 [723.96 - 207.19 + 100(0.05502 - 0.8323) - 290[8.08655 - 
6.83521 - 0.287 ln(5000/100)] = 1460.4 kj 
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8.70 

Find the exergy at all 4 states in the power plant of Problem 7.48 with an ambient 
at 298 K. 

Solution: 

Flow exergy from Eq.8.22 neglecting kinetic and potential energy is: 

V = h - h 0 - T 0 (s - s 0 ) 
so we need (h,s) for all four states. 



Pj = P 4 = 20 MPa, Tj = 700 °C 
fq = 3809.1 kJ/kg, 
sj = 6.7993 kJ/kg K 
P 2 = P 3 = 20 kPa, T 3 = 40 °C 

State 3: (P, T) Comp, liquid, 
take sat. liquid Table B.1.1 
h 3 = 167.5 kJ/kg, 

v 3 = 0.001008 m 3 /kg 


C.V. Turbine. 

Entropy Eq.7.8: s 2 = Sj = 6.7993 kJ/kg K 

Table B. 1.2 s 2 = 0.8319 + x 2 x 7.0766 => x 2 = 0.8433 

h 2 = 251.4 + 0.8433x 2358.33 = 2240.1 kJ/kg 

w x = hj - h 2 = 3809.1 - 2240.1 = 1569 kJ/kg 


CV. Pump, property relation v = constant gives work from Eq.7.15 as 
w P = - v 3 ( P 4 - P 3 ) = -0.001008(20000 - 20) = -20.1 kJ/kg 

h 4 = h 3 - w P = 167.5 + 20.1 = 187.6 kJ/kg 

Flow exergy from Eq.8.23 and notice that since turbine work and pump work 
are reversible they represent also change in avalability. 

\|q = hj - h 0 - T 0 ( Sl - s 0 ) = 3809.1 - 104.87 - 298 (6.7993 - 0.3673) 

= 1787.5 kJ/kg 

v|/ 2 — h 2 - ho - T 0 (s 2 - sq) = \|q - w T = 1787.5 - 1569 = 218.5 kJ/kg 
y 3 = h 3 - h 0 - T 0 (s 3 - s 0 ) = 167.5 - 104.87 - 298(0.5724 - 0.3673) 

= 1.51 kJ/kg 

\|/ 4 = h 4 - h 0 - T 0 (s 4 - s 0 ) = v|/ 3 - Wp = 1.51 + 20.1 = 21.61 kJ/kg 
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8.71 

An electric stove has one heating element at 300°C getting 750 W of electric 

power. It transfers 90% of the power to 1 kg water in a kettle initially at 20°C, 
100 kPa, the rest 10% leaks to the room air. The water at a uniform T is brought 
to the boiling point. At the start of the process what is the rate of exergy transfer 
by: a) electrical input b) from heating element and c) into the water at T water 


a) Work is exergy O = W = 750 W 

b) Heat transfer at 300°C is only partly exergy 

293.15 


• 

( T ^ 

1 0 

. f 

o = 

i- T 

l 1 Hy 

Q = 

V 


x 


273.15 + 300 


750 = 366 W 


c) Water receives heat transfer at 20°C as 90% of 750 W = 675 W 


r 


o = 


1 - 


T ^ 

x o 


V 


T 


water y 


-( 293.15 

[} “273.15 +20 ) 


675 = 0 W 
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8.72 

Air flows at 1500 K, 100 kPa through a constant pressure heat exchanger giving 
energy to a heat engine and comes out at 500 K. What is the constant temperature 
the same heat transfer should be delivered at to provide the same exergy? 


Solution: 

C.V. Heat exchanger 

• • 

Continuity eq.: m j = m 2 ; 

• • 

Energy Eq.4. 12: m^hj = m^lr? + 

Table A.7.1: hj = 1635.8 kJ/kg, 
h 2 = 503.36 kJ/kg, s, = 8.61209 
s 2 = 7.38692 kJ/kg K 
q ou t = hj - h 2 = 1635.8 - 503.36 = 

Exergy from heat transfer at T: 



1132.4 kJ/kg 
T 

A V = (! - ^ ) q ° U t = Vl ' ¥2 


Eq.8.23 and the flow terms per unit mass flow in Eq.8.38: 
Vl - ¥2 = hi - h 2 - T 0 ( si - s 2 ) 

= 1132.4 - 298.15 (8.6121 - 7.38692) 
= 1132.4 - 356.3 = 767.1 kJ/kg 
T 

1 - ^ = (Vi - v 2 ) / Oout = 767. 1 / 1 132.4 = 0.6774 
T 

^ = 0.3226 => T h = 924K 

a H 
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8.73 

A wooden bucket (2 kg) with 10 kg hot liquid water, both at 85°C, is lowered 400 
m down into a mineshaft. What is the exergy of the bucket and water with respect 
to the surface ambient at 20°C? 


C.V. Bucket and water. Both thermal exergy and 
potential energy terms. 

v 1 « v 0 for both wood and water so work to atm. 
is zero. 


Use constant heat capacity table A. 3 for wood 
and table B.1.1 (sat. liq.) for water. 

From Eq.8.28 



<t>i - = m wood[ u i - u o - T o( s r s o)] + m H 2 o[ u r u o- T o( s r s o)l + m totg( z r z o) 

kJ kJ 273.15 + 85 

= 2 kg [1.26 j— ^ (85 -20) K - 293.15 K xl.26 j— ^ xl n 293 lg ] 

+ 10 kg [ 355.82 - 83.94 - 293(1.1342 - 0.2966)] kJ/kg 

+ 12 kg x 9.807 (m/s 2 ) x (-400) m /1000 (J/kJ) 

= 15.85 + 263.38 - 47.07 = 232.2 kJ 
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8.74 

A flow of 0. 1 kg/s hot water at 70°C is mixed with a flow of 0.2 kg/s cold water at 

20°C in a shower fixture. What is the rate of exergy destruction (irreversibility) 
for this process? 


Solution: 

Continuity Eq.4.9: 

mi + m 2 = m3 

= 0.1 +0.2 = 0.3 kg/s 

Energy Eq.4.10: 

• • • 

mjhj + m 2 h 2 = m 3 h 3 



• • • • 

Entropy Eq.7.7: + m 2 s 2 + S gen = m 3 s 3 


Use specific heat from A. 4 and Eq.6.11 for s change or Table B.1.1 saturated 
liquid values. Divide the energy equation with m 3 Cp 

T 3 = (m 1 /m 3 )T 1 + (m 2 /m 3 )T 2 = |'x70 + | : x 20 = 36.67°C 
S g en = mi(s 3 - sj) + m 2 (s 3 - s 2 ) 

= 0.1 x 4.18 In (309.82/343.15) + 0.2 x 4.18 In (309.82/293.15) 

= 0.00353 kW/K 

^Destruction = I = T o S gen = 298.15 x 0.00353 = 1.05 kW 
You could also have decided to use 20°C for the ambient T in this problem. 
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8.75 

A 1 kg block of copper at 350°C is quenched in a 10 kg oil bath initially at ambient 
temperature of 20°C. Calculate the final uniform temperature (no heat transfer 
to/from ambient) and the change of exergy of the system (copper and oil). 

Solution: 

C.V. Copper and oil. C co = 0.42 kJ/kg K, C 0 p = 1.8 kJ/kg K 

m 2 u 2 ' m l u i = 1 Q 2 - i w 2 = 0 = m co c eo( T 2 - T l)co + ( m C) 0 ii(T 2 - Tj) 0 p 
1 x 0.42 ( T 2 - 350) + 10 x 1.8 (T 2 - 20) = 0 


18.42 T 2 = 507 => T = 27.5°C = 300.65 K 

For each mass copper and oil, we neglect work term (v = C) so Eq.8.28 is 
(<t >2 - <l>i) = u 2 - Ul - T 0 (s 2 - Sj) = mC [(T 2 - Tj) - T 0 ln (T 2 / T : ) ] 

m cv( ( t ) 2 " Wcv + m oil (^2 " Woil = 

300.65 300.65 

= 0.42 x [(-322.5) - 293.15 In 623 15 ] + 10 x 1.8 [7.5 - 293.15 In 293 ~ 15 1 

= - 45.713 + 1.698 = - 44.0 kj 
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8.76 

A water kettle has 1 kg of saturated liquid water at P 0 . It is on an electric stove 

that heats it from a hot surface at 500 K. Water vapor escapes from the kettle and 
when the last liquid drop disappears the stove is turned off. Find the destruction of 
exergy two places: a) between the hot surface and the water and b) between the 
electrical wire input and the hot surface. 

C.V. The water, this is a control mass. We bring it from saturated liquid to 
saturated vapor same pressure. 


Energy eq.: m(u 2 - Uj) = jQ 2 - jW 2 => jQt = m (h 2 - tq) = mh fg = 2257 kJ 

C.V. Kettle bottom, consider the hot surface to water heat transfer. 

T, 


Vin = 


X 


1 - 


o 


V 


T 


H surfacey 



f 298.15 3 

1Q2 - 

500 J 


f 


Vout “ 


T 


1- 


o 


\ 


V 


T, 


/ 


q 2 = i- 


V 


298.15 

373.15 ) 


2257 kJ = 911 kJ 


2257 kJ = 453.6 kJ 


water J 

The destruction is the drop in exergy 

^ destruction = Vin — Vout = 91 1 — 453.6 = 457.4 kJ 
C.V. Wire and hot plate. 

Vin — ^electrical — 1Q2 — 2257 kJ 


r 


Vout - 


T 


1- 


o 


V 


T 


H surface 


\ 

f 298.15 3 

lQ2 “ 

J 

l 1- 500 j 


2257 k J = 911 kJ 


^destruction “ Vin Vout “ 2257 91 1 — 1346 kJ 



Comment: We could also have found the destruction of exergy by finding the 
entropy generation terms and then ^destruction = T 0 S gen 
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8.77 


A 200 L insulated tank contains nitrogen gas at 200 kPa, 300 K. A line with 
nitrogen at 500 K, 500 kPa adds 40% more mass to the tank with a flow through a 
valve. Use constant specific heats to find the final temperature and the exergy 
destruction. 

C.V. Tank, no work and no heat transfer. 


Continuity Eq.4.20: 
Energy Eq.4.21: 

Entropy Eq.7.12: 
Process Eq.: 


m 2 - m , = m i 

m 2 u 2 - m l u l = m i h i + iQ 2 

m 2 s 2 - mjS! = mj Sj + 1 dQ/T + iS 2 gen 


lQ 2 = 0, m 2 =1.4m 1 ; = 0.4 m 1 

Write hj = Uj + RTj then the energy equation contains only u’s so we can 
substitute the u differences with C v0 AT and divide by m 2 C v0 to get 


mi 


m; 


To = Ti + T; + 


mi R 


T ; 


2 m 2 1 m 2 1 m 2 C v0 i 


1 0.4 0.4 0.2968 

300 + i * 500 + | ^ q 745 — 414.0 K 


- 1.4 ' 1.4 

We need the pressure for the entropy 

P 2 = m 2 RT 2 /V = 1.4 Pj x T 2 /T, = 1.4 x 200 x 414/300 = 386.4 kPa 

PfVi 200x0.2 


m ! = 


= 0.4492 kg; m 2 = 1.4 mi = 0.6289 kg 


RTi 0.2968 x 300 
The entropy generation, with entropy difference from Eq.6.16, becomes 
lS 2 gen = m 2 s 2 - m lSi - mj Sj = m 2 (s 2 - Sj) - mi(si - Sj) 

TP TP 

= m 2 [C P0 ln(Ar) - R ln(ff)] - m, [C P0 lnftr) - R ln(^)] 

A i r i A i r i 

414 386.4 

= 0.6289[ 1.042 ln(^) - 0.2968 ln(^-)J 

300 200 

- 0.4492 [1.042 ln(^) - 0.2968 ln(^)] = 0.0414 kJ/K 

^destruction = T o 1 S 2 gen = 298 - 15 x °- 0414 kJ = 12 * 34 k J 
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8.78 

A 10-kg iron disk brake on a car is initially at 10°C. Suddenly the brake pad 
hangs up, increasing the brake temperature by friction to 1 10°C while the car 
maintains constant speed. Find the change in exergy of the disk and the energy 
depletion of the car’s gas tank due to this process alone. Assume that the engine 
has a thermal efficiency of 35%. 

Solution: 

All the friction work is turned into internal energy of the disk brake. 

Energy eq.: m(u 2 - u,j = ,Q 2 - ,W 2 =^> ,Q 2 = m Fe C Fe (T 2 - T,j 


jQ 2 = 10 x 0.45 x (110 - 10) = 450 kJ 

Neglect the work to the surroundings at P 0 , so change in exergy is from 
Eq.8.27 

Acj) = m(u 2 - Uj) - T 0 m(s 2 - s 2 ) 


Change in s for a solid, Eq.6.1 1 


m/s^-s^ = mC hhTo/Tj) = 10 x 0.45 x In 


C383. 15A 
1283.1 5 ) 


= 1.361 kJ/K 


A(|) = 450 - 283.15 x 1.361 = 64.63 kJ 

Wengine = OthQgas = 1 Q 2 = Friction work 

Qgas = iQ 2 /r lth = 450/0.35 = 1285.7 kJ 
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8.79 

Water as saturated liquid at 200 kPa goes through a constant pressure heat 
exchanger as shown in Fig. P8.79. The heat input is supplied from a reversible 
heat pump extracting heat from the surroundings at 17°C. The water flow rate is 2 
kg/min and the whole process is reversible, that is, there is no overall net entropy 
change. If the heat pump receives 40 kW of work find the water exit state and the 
increase in exergy of the water. 

C.V. Heat exchanger + heat pump. 

• • •••• •• • 

mj = m 2 = 2 kg/min, lrqtq + Q 0 + W in = mjh 2 , m 1 s 1 + Q 0 /T 0 = 

• • 

Substitute Q 0 into energy equation and divide by m , 

h i - T 0 si +w in = h 2 -T 0 s 2 

LHS = 504.7 - 290.15 x 1.5301 + 40x60/2 = 1260.7 kJ/kg 
State 2: P 2 , h 2 - T 0 s 2 = 1260.7 kJ/kg 

At sat. vap. h g - T 0 s g = 638.8 so state 2 is superheated vapor at 200 kPa. 

At 600°C: h 2 - T 0 s 2 = 3703.96 - 290. 15 x 8.7769 = 1 157.34 kJ/kg 

At 700°C: h 2 - T 0 s 2 = 3927.66 - 290.15 x 9.0194 = 1310.68 kJ/kg 

Linear interpolation => T 2 = 667°C 

At) / = (h 2 - T 0 s 2 ) - (h | - T 0 Sj) = w in = 1200 kJ/kg 
= 1260.7 - 504.7 + 290.15 x 1.5301 * 1200 kJ/kg 
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8.80 

Ammonia, 2 kg, at 400 kPa, 40°C is in a piston/cylinder together with an 
unknown mass of saturated liquid ammonia at 400 kPa. The piston is loaded so it 
keeps constant pressure and the two masses are allowed to mix to a final uniform 
state of saturated vapor without external heat transfer. Find the total exergy 
destruction in the process. 


C.V. All the ammonia. 

Continuity Eq.: m 2 - m A - m B = 0 


Energy Eq.: m 2 u 2 - m A u A - m B u B = Q - W 

Entropy Eq.: m 2 s 2 - m A s A - m B s B = JdQ/T + jS 2 gen 

Process: Q = 0, P = C so W = P(V 2 - V A - V B ) 

State A: h A = 1543.6 kJ/kg, s A = 5.7111 kJ/kg-K, m A = 2 kg 

State B: h B = 171.65 kJ/kg, s B = 0.6793 kJ/kg-K, m B = ? kg 

State 2: h 2 = 1440.2 kJ/kg, s 2 = 5.3559 kJ/kg-K, m 2 = m A + m B 

Insert the process equation into the energy equation 

m 2 h 2 - m A h A - m B h B = 0 

Now solve the energy equation for the unknown mass m B 


h 2 ~ h A 1440.2 - 1543.6 
m B - m A h B - h 2 _ 2 kg 171.65 - 1440.2 “ 0-163 kg 


Solve for entropy generation 

1^2 gen = m 2 s 2 _ m A s A “ m B s B 

= 2.163 X 5.3559 - 2 x 5.7111 - 0.163 x 0.6793 
= 0.051886 kJ/K 

Exergy destruction 

^destruction = T o S gen = 298 - 15 x 0.051886 = 15.47 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Exergy Balance Equation 
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8.81 


Apply the exergy equation to solve Problem 8.18 

A refrigerator should remove 1.5 kW from the cold space at -10°C while it rejects 
heat to the kitchen at 25 °C. Find the reversible work. 

The exergy balance equation is Eq.8.38 


dO ^ Jo x • _ dV 

dt 


(l rj, ) Q cv W cv + P ( ) ^ + m i'lh m e'Ke T 0 Sg en 


T T 

0 =(1- /)Q l -(1- ^)Q h -W cv + 0 + 0-0-0 

L/ H 


The two d/dt terms are zero due to steady state, no flow and reversible give zero 
for the last three terms so we get the equation we can solve for the work 


T T 

A o, • . A o, • 


w cv = (i-^-)Q l -(i-^)Qh 


H 


• • 

To solve we need the heat transfer Q H as we do have Q L =1.5 kW. We need to 
use the entropy equation to get 

298.15 

Qh = (T H /T L ) Ql = 263^5 15 kW = 1-6995 kW 


Wcv - (l - x L ) Ql - (l - Qh - Ql - Qh + Qh - x T ^ L 


H 


H 


L 


= Q l - Qh = 1-5 - 1.6995 = -0.1995 kW = -0.2 kW 
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8.82 

Apply the exergy equation to solve Problem 8.35 with T 0 = 20°C. 

A 20°C room is heated with a 2000 W electric baseboard heater. What is the rate 
of irreversibility? 

The exergy balance equation is Eq.8.38 


dO 

dt 



I 


O 


dV 


T 


) Qcv W cv + P 0 + m^Ki m e \|/ e T 0 Sg en 


For the heater we have steady state (d/dt terms are zero), one Q cv out at T 0 , 

electrical work in and no flow terms leaving us with 

T 

a o \ • • • 

— T 0 ' X Qcv ^electrical — T 0 Sg en 

i = To S gen = Weiectrical = 2000 W 


This assumes that T 0 = 20°C. 
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8.83 

Estimate some reasonable temperatures to use and find all the fluxes of exergy in 
the refrigerator given in Example 5.2 

We will assume the following temperatures: 

Ambient: T = 20°C usually it is the kitchen air. 

LowT: T = 5°C (refrigerator) T=-10°C (freezer) 

6 W = W = 150 W 

T T 

i x 0 . _*_amb . 

- (1 _ T u ) Qh - (1 ~ T d Qh - 0 

L H L amb 

T 0 . 293 

®L = (1- 7 -) Ql = (l-27g)250 = -13.5 W 
T j 

I.e. the flux goes into the cold space! Why? As you cool it T < T 0 and 
you increase its exergy, it is further away from the ambient. 
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8.84 

Find the specific flow exergy in and out of the steam turbine in Example 7.1 
assuming an ambient at 293 K. Use the exergy balance equation to find the 
reversible specific work. Does this calculation of specific work depend on T 0 ? 

Solution: 


The specific flow exergy is from Eq. 8.22 

Vi = hj + \ Vf - T 0 Sj - (h 0 - T 0 s 0 ) 

Reference state: h 0 = 83.94 kJ/kg, s 0 = 0.2966 kJ/kg K, 

h o - T 0 s 0 = -2.9638 kJ/kg 

The properties are listed in Example 7.1 so the specific flow exergies are 
Vi = 3051.2 + 1.25 - 293 x 7.1228 - (-2.9638) = 968.43 kJ/kg 

\|/ e = 2655.0 + 20 - 293 x 7.1228 - (-2.9638) = 590.98 kJ/kg 
The reversible work is from Eq.8.29, with q = 0 and steady state, so 
w = Vi - Ve = 968.43 - 590.98 = 377.45 kJ/kg 

The offset T 0 terms drop out as we take the difference and also (Sj = s e ) 

Vi - Ve = h i - h e - T o( s i - s e) = h i “ h e 
Notice since the turbine is reversible we get the same as in Example 7.1 
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8.85 

Apply the exergy equation to solve Problem 8.36. 

A refrigerator removes 1.5 kW from the cold space at -10°C using 750 W of 

power input while it rejects heat to the kitchen at 25°C. Find the rate of 
irreversibility. 

The exergy balance equation is Eq.8.38 


dO 

dt 


T 


, x o \ • • dV . . • 

\1 — r r / Qcv ™ W cv + Pq f i| + m i'7i — m e'7e ~ T 0 S gen 


dt 


T t 

0 = (1 - Ql ~ (1 ~ t~“) Qh - W cv + 0 + 0 - 0 - T 0 S gen 

i—j n 


The two d/dt terms are zero due to steady state and no flow. Now solve for the 
irreversibility, notice the Q H term drops out since T H = T 0 . 

i = T 0 S gen = (l- ^)Q l -W cv 
298.15 

= (i - 063 15 ) 1.5 kW - (-0.75) kW 
= -0.2 kW + 0.75 kW = 0.55 kW 
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8.86 

Evaluate the steady state exergy fluxes due to a heat transfer of 50 W through a 
wall with 600 K on one side and 400 K on the other side. What is the exergy 
destruction in the wall. 


Solution: 

Exergy flux due to a Q term Eq.8.36: 

T 

Oq = (1 - y)Q 

T o . 298 

®1=(1- ) Q = (1 ~ 5qq) 50 = 25.2 W 

T 0 . 298 

®2 = (1- f") Q = (I- 400 ) 50= 12.75 W 


Steady state state so no storage and Eq.8.38 is 

0 = - o 2 - 6 destr 

Odestr. = 61 - 6 2 = 25.2 - 12.75 = 12.45 W 
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8.87 

A counterflowing heat exchanger cools air at 600 K, 400 kPa to 320 K using a 
supply of water at 20°C, 200 kPa. The water flow rate is 0. 1 kg/s and the air flow 
rate is 1 kg/s. Assume this can be done in a reversible process by the use of heat 
engines and neglect kinetic energy changes. Find the water exit temperature and 
the power out of the heat engine(s). 


\-* A ~air 



C.V. Total 

Energy eq.: m a h, + m H20 h 3 = m a h 2 + m H20 h 4 + W 

Entropy Eq,: m a s, + m H20 s 3 = m a s 2 + m H20 s 4 (s gen = 0) 

Table A.7: hj = 607.316 kJ/kg, s^i = 7.57638 kJ/kg K 
Table A.7: h 2 = 320.576 kJ/kg, s^ = 6.93413 kJ/kg K, 

Table B. 1.1: h 3 = 83.96 kJ/kg, s 3 = 0.2966 kJ/kg K 

From the entropy equation we first find state 4 

s 4 = (m a /m H20 )( Sl - s 2 ) + s 3 = (1/0.1X7.57638 - 6.93413) + 0.2966 = 6.7191 

4: P 4 = P 3 , s 4 => Table B.1.2: x 4 = (6.7 191- 1 .530)/5.597 = 0.9271, 

h 4 = 504.68 + 0.9271 x 2201.96 = 2546.1 kJ/kg, T 4 = 120.20°C 
From the energy equation 

W = m a (hj - h 2 ) + m H20 (h 3 - h 4 ) 

= 1(607.32 - 320.58) + 0.1(83.96 - 2546.1) = 40.53 kW 

The work could be found from the exergy balance equation (requires state 4) as 
W = m a (v|/, - v|/ 2 ) + m H20 (^3 - ¥ 4 ) 

Since the entropies (including m’s) balance out it is the same as the energy Eq. 
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8.88 

Consider the condenser in Problem 7.48. Find the specific energy and exergy that 

are given out, assuming an ambient at 20°C. Find also the specific exergy 
destruction in the process. 


Solution: 



Condenser from state 2 to state 3 

P 2 = P 3 = 20 kPa 
T 3 = 40 °C 

State 1: (P, T) Table B. 1.3 

hj = 3809.1 kJ/kg, sj = 6.7993 kJ/kg K 


C.V. Turbine. 

Entropy Eq.7.8: s 2 = Sj = 6.7993 kJ/kg K 

Table B. 1.2 s 2 = 0.8319 + x 2 x 7.0766 => x 2 = 0.8433 


h 2 = 251.4 + 0.8433x 2358.33 = 2240.1 kJ/kg 

State 3: (P, T) Compressed liquid, take sat. liq. Table B. 1.1 
h 3 = 167.54 kJ/kg, s 3 = 0.5724 kJ/kg K 

C.V. Condenser 

Energy Eq.: q L = ^2 _ h 3 = 2240.1 - 167.54 = 2072.56 kJ/kg 

Exergy Eq.: A\|/ = \|/ 2 - \j/ 3 = h 2 - h 3 -T Q (s 2 - s 3 ) 

= 2072.56 - 293.15(6.7993 - 0.5724) 

= 247.1 kJ/kg going out 

Since all the exergy that goes out ends up at the ambient where it has zero 
exergy, the destruction equals the outgoing exergy. 

Vdestr = Avj/ = 247.1 kJ/kg 

Notice the condenser gives out a large amount of energy but little exergy. 
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8.89 


Apply the exergy equation to find the exergy destruction for Problem 8.54 


Exergy flux in: = 


• 

( T ^ 

1 0 

• 

f 298.153 

o H = 

1 - T 
l 1 Hy 

Qh = 

l 1 ~ 1000 J 


1 kW = 0.702 kW 


Exergy flux out: = 


V " T J 


q l = o ( t l = T 0 ) 


The other exergy flux out is the power 6 out = W = 0.6 kW 


\ 


1000 K 




y 


Q„ = 1 kW 



The exergy balance equation Eq.8.38 for the HE becomes (steady state) 


• • 


0 — Ojj 0^ W ^destruction 

^destruction = 6 H - 6 L - W = 702 W - 0 - 600 W = 102 W 
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8.90 

A flow of 1 kg/s of air at 300 K is mixed with a flow of 2 kg/s air at 1500 K in an 
insulated pipe junction at a pressure of 100 kPa. Find the exit temperature and the 
exergy destruction. 

Solution: 

Continuity Eq.4.9: 

irq + m 2 = m3 = 1 + 2 = 3 kg/s 

Energy Eq.4.10: 

• • • 

m^hj + ni2h2 = nighg 

• • 

Entropy Eq.7.7: mjs^ + m 2 S2 + S gen = m 3 S3 

Due to high T at state 2 use A. 7 and Eq.6. 19 for s change. 

1 2 

I13 = (m 1 /m 3 )h 1 + (m 2 /m3)h2 = 3 x 300.47 + 3 x 1635.8 = 1190.69 kJ/kg 
From A. 7.1: T 3 = 1125.4 K s X3 = 8.27073 kJ/kg K 

S gen = 2(8.27073 - 8.61208) + 1(8.27073 - 6.86926) 

= 0.71877 kW/K 

^destruction = T 0 S gen = 298.15 x 0.71877 = 214.3 kW 
The pressure correction part of the entropy terms cancel out as all three 
states have the same pressure. 
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8.91 

The condenser in a power plant cools 10 kg/s water at 10 kPa, quality 90% so it 
comes out as saturated liquid at 10 kPa. The cooling is done by ocean-water 

coming in at ambient 15°C and returned to the ocean at 20°C. Find the transfer 
out of the water and the transfer into the ocean-water of both energy and exergy 
(4 terms). 

Solution: 

C.V. Water line. No work but heat transfer out. 

Energy Eq.: Q out = m (h, - h 2 ) = 10(2345.35 - 191.81) = 21 535 kW 

C.V. Ocean water line. No work but heat transfer in equals water heattransfer out 
Energy Eq.: q = h 4 - h 3 = 83.94 - 62.98 = 20.96 kJ/kg 

m ocean = Qout ^9 = 21 535 / 20.96 = 1027.4 kg/s 

Exergy out of the water follows from a flow term in Eq.8.38 

®out = m (Vi - V2 ) = m [ hi - h 2 - T o ( Si - s 2 ) ] 

= 10 [2345.35- 191.81 -288.15(7.4001 -0.6492)] 

= 2082.3 kW 

Exergy into the ocean water 

® ocean — m ocean(V4 ' V 3 ) — m ocean [ h 4 - h 3 — T G (s 4 - S 3 )] 

= 1027.4 [ 20.96 - 288.15(0.2966 - 0.2245)] 

= 189.4 kW 

Notice there is a large amount of energy exchanged but very little exergy. 

Often the cooling 
media flows inside a 
long pipe carrying 
the energy away. 
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8.92 

Consider the car engine in Example 5.1 and assume the fuel energy is delivered at 
a constant 1500 K. The 70% of the energy that is lost is 40% exhaust flow at 900 
K and the remainder 30% heat transfer to the walls at 450 K goes on to the 

coolant fluid at 370 K, finally ending up in atmospheric air at ambient 20°C. Find 
all the energy and exergy flows for this heat engine. Find also the exergy 
destruction and where that is done. 


From the example in the text we get: Q L = 0.7 Q H = 233 kW 
This is separated into two fluxes: 

Q L1 = 0.4 Q h = 133 kW @900 K 
Q L2 = 0.3 Q h = 100 kW @450 K 
= Q l3 = 100 kW @370 K 
= Q L4 =100kW @293 K 


Gases Steel Glycol Air flow 
1500 K 450 K 370 K 293 K 



Radiator 


Assume all the fuel energy is delivered at 1500 K then that has an exergy of 

®QH = a - ^ ) Oh = (1 - 333 = 267.9 kW 

Work is exergy 

6 W = W = 100 kW 

The exhaust flow exergy becomes 

©QU = U - ) Q H = U -if) 133 = 89.7 kW 
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The heat transfer through the coolant keeps dropping in temperature and are 


®QL2 = (1 
®QL3 = (1 
®QL4 = (1 


T l2 ) QQL2 - C 1 

^)QQL3 = (1 
T 

A 0 N A 

^)QqL4 = (! 


293 

45(P 

293 

37(r 

293 

293 } 


The destruction terms are the drops in exergy 


100 = 34.9 kW 
100 = 20.8 kW 
100 = 0 kW 

fluxes. For the inside of the cylinder 


^Destruction inside — ®QH W ®QL2 — 43.3 kW 


Outside the cylinder, the wall that separates the gas from the coolant gives 


^Destruction wall — ®QL2 ®QL3 — 14.1 kW 


The wall in the radiator separating the coolant from the air gives 

• • • 

^Destruction radiator = ^QL3 " ®QL4 = 20.8 kW 
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8.93 

A piston/cylinder has forces on the piston so it keeps constant pressure. It contains 
2 kg of ammonia at 1 MPa, 40°C and is now heated to 100°C by a reversible heat 
engine that receives heat from a 200°C source. Find the work out of the heat engine 
using the exergy balance equation. 

Solution: 

To evaluate it we need the change in exergy Eq.8.28 

0 2 - Oi = m am (u 2 - Uj) + P 0 (V 2 - Vi) - m am T 0 (s 2 - s,) 

The work ( W = W H . E . + ,W 2pist ) is from the integrated exergy Eq.8.38 

for a reversible process with no flow terms and use of Eq.8.28 

T 

W = P 0 (V 2 - VO + (1 - ^)jQ 2 - (<D 2 - ®!) - 0 
T 

= (i - t^)iQ 2 - m am(u 2 - Ui) + m am T 0 (s 2 - Si) 

Now we must evaluate the three terms on the RHS and the work j W 2 pist . 

State 1: Uj = 1369.8 kJ/kg, w l = 0.13868 m 3 /kg, s 2 = 5.1778 kJ/kg K 

State 2: u 2 = 1490.5 kJ/kg, v 2 = 0.17389 m 3 /kg, s 2 = 5.6342 kJ/kg K 

i w 2,pist = m am p ( v 2 - Vj) = 2 x 1000 (0.17389 - 0.13868) = 70.42 kJ 


C.V. Heat engine and ammonia (otherwise we involve 
another Q) 

Entropy: m am (s 2 - s,) = !Q 2 /T H + 0 

=> lQ2 = T H m am(s 2 - s l) 

= 473.15 x 2 (5.6342-5.1778) 

= 431.89 kJ 

Substitute this heat transfer into the work term 



W = (1 - 473 ' 15 ) 431.89 - 2(1490.5-1369.8) + 2x298.15(5.6342-5.1778) 

= 159.74-241.4 + 272.15 = 190.49 kJ 
W HE = W - jW 2 pist = 190.49 - 70.42 = 120.0 kJ 
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8.94 

An air-conditioner on a hot summer day removes 8 kW of energy from a house at 

21°C and pushes energy to the outside which is at at 31°C. The house has 15 000 
kg mass with an average specific heat of 0.95 kJ/kgK. In order to do this the cold 

side of the air-conditioner is at 5°C and the hot side is at 40°C. The air- 
conditioner (refrigerator) has a COP that is 60% of a corresponding Carnot 
refrigerator. Find the actual air-conditioner COP, the power required to run the 
air-conditioner, the rate of exergy destruction inside the air conditioner and the 
total rate of exergy destruction due to the air-conditioner and house. 


Any heat 
transfer must go 
from a higher to 
a lower T 
domain. 


Q leak 
from atm. 
31 C 



A steady state refrigerator definition of COP 


COP - PrEF - Ql / W - Q l / (Qh - Ql) - 0- 6 Pcarnot 

T l 5 +273.15 

Carnot. Pcarnot — q 1 _ qq — _ 5 — 7.95 , Pref — 0-6 * 7.95 — 4.77 

n i—/ 

=> W = Q l / P REF = 8 kW/ 4.77 = 1.68 kW 


Q H = Q L + W = 9.68 kW 
C.V. Refrigerator (A/C unit). 


Energy Eq.: 


Entropy Eq.: 


E C y - 0 - Q l + W - Q h 


• Ql Qh ’ 

Scv = 0 = — -p + Sg en a/c 


9.68 8 

^destr. — T 0 Sg en a / c — 298.15 [ _j_ 2 73 15 — 5 + 273 15 ^ — 0.64 kW 


CV. Total: house + A/C unit, and Q H comes from and leaves to atm. 
Energy Eq. : E cv = 0 = Q leak + W - Q H 


Entropy Eq.: 


S cv - 0 - 


Qleak Qh 


T 


atm 


T 


+ s 


w 


atm 


gen tot 


’gen tot ^ 


atm 


W 1.68 kW 

^destr. “ T 0 ^gen tot “ ^ 0 “ 298.15 K 304 - 1*65 kW 
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8.95 

If the air-conditioner in the previous problem is turned off how fast does the 
house heat up in K/sec? 


Once the A/C unit is turned off we do not cool the house so heat leaks in from the 
atm. at a rate of 8 kW (that is what we had to remove to keep steady state). 


Energy Eq.: 

dT 
dt 


_ • _ _ dT 

E C V — Qleak — ^ EW — mj louse Cp ^ 

8 kW _ 3 

— Qleak I m house Cp — ^ qqq x 0 95 kJ/K — 
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8.96 

A disk brake of 2 kg steel and 1 kg brake pads is at 20°C. The brakes are now 
stopping a car so they dissipate energy by friction and heats up to T 2 = 200°C. 
Assume the brake pads have specific heat of 0.6 kJ/kg-K. After this process the 
disk and pads now slowly cools to the ambient 20°C = T 3 . Find the exergy 
destruction in the braking process (1 to 2) and that in the cooling process (2 to 3). 

Control volume around the disk brake assembly. 

Energy equation 

- U| = ]Q 2 - ]W 2 = - ]W 2 = m st c st (T 2 - Tj) + m pad C pad (T 2 - T 3 ) 

= (2 x 0.46 + 1 x 0.6) kJ/K x (200 - 20) K = 273.6 kJ 
Entropy equation 

S 2 -S 1 =0 + 1 S 2 gen = jS 2 gen = m st C st ln(T 2 /Tj) + m pad C pad ln(T 2 /Tj) 

473 

= (2 x 0.46 + 1 x 0.6) In 293 = 0.7277 kJ/K 

1®2 destruction = T 0 jS, gen = 298.15 K x 0.7277 kJ/K = 217 kJ 
The cooling process 2 to 3, extend CV out to ambient T 0 . 

U 3 - U 2 = 2 Q 3 = - 273.6 kJ [ = -(U 2 -Ui)] 

2 S 3 gen = S 3 - S 2 - 2 Q 3 / T 0 = - 0.7277 - =f|p = 0.2056 kJ/K 
2 (I) 3 destruction = T o 2 S 3 gen = 298.15 K x 0.2056 kJ/K = 61.3 kJ 



Clip-art from Microsoft. 


4 Flydraulic 

line, fluid 
acts on piston 
that pushes 
the brake 
pad. 
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8.97 

A small house kept at 20°C inside loses 12 kW to the outside ambient at 0°C. A 
heat pump is used to help heat the house together with possible electrical heat. 
The heat pump is driven by a motor of 2.5 kW and it has a COP that is one quarter 
of a Carnot heat pump unit. Find the actual heat pump COP and the exergy 
destruction in the whole process. 

CV. House 

• • • 

Energy: 0 = Q H + W eL - Q U)SS 


Definition of COP: p’ = COP^p = 


Q h 1 t h 


w 


1 293.15 


4 T h - T l 4 20 - 0 


= 3.664 


Q h = COP HP W HP = 3.66 4 x 2.5 kW = 9.16 kW 

Wei. = Qloss - Qh = 12 - 9.16 = 2.84- kW 
C.V. Total Energy: 0 = Q L + W HP + W eL - Q Loss 

Qloss - Ql = W HP + W eL = 2.5 + 2.84 = 5.34 kW 


Entropy: 0 = Q L /T L - Q loss /T L + S gen 


O 


5.34 


destr. — T 0 S gen - T 0 (Qi oss Qp) / Tp — 273.15 273 ] 3 — 5.34 kW 


Comment: We must use T 0 = 273.15 K here as the Q L and Qi oss were exchanged 

with the ambient. Otherwise the destruction becomes larger than the supplied 
work terms because the exergy exchanged with the ambient is non-zero 
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8.98 


A farmer runs a heat pump using 2 kW of power input. It keeps a chicken 

hatchery at a constant 30°C while the room loses 10 kW to the colder outside 

ambient at 10°C. Find the COP of the heat pump, the rate of exergy destruction in 
the heat pump and its heat exchangers, and the rate of exergy destruction in the 
heat loss process. 

C.V. Hatchery, steady state at 30°C for the hatchery 

Energy Eq.: 0 = Q H - Q Loss => Q H = ^Loss = 10 kW 

COP = Q H / W = lOkW / 2 kW = 5 
C.V. Heat pump, steady state 

Energy eq.: 0= Q L + W - Q H => Q L = Q H ~W = 8kW 


Ql Qh • 

Entropy Eq. : 0 = + S gen H p 

i—/ n 

• Qh Ql 10 


8 


'gen HP - T T l - 273 + 30 273 + 10 


= 0.00473 kW/K 


6 destr HP = To S gen HP = 283 - 15 K x 0.00473 kW/K = 1.34 kW 
C.V. From hatchery at 30°C to the ambient 10°C. This is typically the walls and 

the outer thin boundary layer of air. Through this goes Q Loss - 


^ ^ Qlo SS Qlo 

SS A 

Entropy Eq.: 0 = + S 

1 


amb 


gen walls 


Ql OSS Qloss 10 10 


'gen walls — q 1 


amb 


T h " 283 303 


= 0.00233 kW/K 


Odestr. walls = T o S gen HP = 283 T5 K x 0.00233 kW/K = 0.66 kW 


Comment: Notice the two exergy destruction terms exactly equals work input. It 
was necessary to use T 0 as ambient T otherwise the flux of exergy associated with 

• • 

the heat transfers Q L and Q Loss would be non-zero and a storage effect present. 
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Device Second-Law Efficiency 
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8.99 

A heat engine receives 1 kW heat transfer at 1000 K and gives out 400 W as work 
with the rest as heat transfer to the ambient. Find its first and second law 
efficiencies. 


First law efficiency is based on the energies 

• • 0.4 

m = w/QH =— =0.4 

The second law efficiency is based on work out versus exergy in 

1 kW = 0.702 kW 


Exergy flux in: = 


• 

( T ^ 

1 0 

• 

f 298.15A 

® H = 

1 ~ T 
l L W 

Qh = 

l 1 ~ 1000 J 


W 0.4 


1111 “ . ~ 0.702 

0 H 


= 0.57 


Notice the exergy flux in is equal to the Carnot heat engine power output given 1 
kW at 1000 K and rejecting energy to the ambient. 


\ 1000 K / 

jy Q h = 1 kW 



7 T_u X 
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8.100 

A heat exchanger increases the exergy of 3 kg/s water by 1650 kJ/kg using 10 
kg/s air coming in at 1400 K and leaving with 600 kJ/kg less exergy. What are the 
irreversibility and the second law efficiency? 


C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The two 
flows exchange energy with no heat 
transfer to/from the outside. 



The irreversibility is the destruction of exergy so 


1 = ® destruction = °in ' ®out = 10 x 600 - 3 x 1650 = 1050 kW 


The second law efficiency, Eq.8.32 


Tin — O out / 6 in 


3 x 1650 
10 x 600 


0.825 
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8.101 


Find the second law efficiency of the heat pump in problem 8.57. 

The second law efficiency is a ratio of exergies namely what we want out 
divided by what we have to put in. Exergy from first term on RHS Eq. 8.38 


® H = 


r t \ 

i- 0 


V 


T 


W 


Q h ; Q h = p W = 2 x 2 kW = 4 kW 


f. T 0 3 Q h ( 298.153 4 


nii = 


w 


v 1 t h; 


l- 


w 


v 


353.15J2 


= 0.31 


\ 80°C / 


ft Q 
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8.102 

A steam turbine inlet is at 1200 kPa, 500°C. The actual exit is at 300 kPa with an 
actual work of 407 kJ/kg. What is its second law efficiency? 

The second law efficiency is the actual work out measured relative to the 
reversible work out, Eq. 8.29. 

Steam turbine T 0 = 25°C = 298.15 K 

Inlet state: Table B. 1.3 hj = 3476.28 kJ/kg; Sj = 7.6758 kJ/kg K 
Actual turbine energy Eq.: h e = hj - w ac = 3476.28 - 407 = 3069.28 kJ/kg 

Actual exit state: Table B. 1.3 T e = 300°C; s e = 7.7022 kJ/kg K 
From Eq.8.29 for steady state and adiabatic process, 

w rev = (hj - T 0 Sj) - (h e - T 0 s e ) = (hj - h e ) + T 0 (s e - Sj) 

= (3476.28 - 3069.28) + 298.15(7.7022 - 7.6758) 

= 407 + 7.87 = 414.9 kJ/kg 

Tin = w ac /wrev = 407 / 414.9 = 0.98 



8.103 

Find the second law efficiency for the compressor in problem 8.21. 

An air compressor takes air in at the state of the surroundings 100 kPa, 300 K. 

The air exits at 400 kPa, 200°C using 100 kW of power. Determine the minimum 
compressor work input. 

C.V. Compressor, Steady flow, minimum work in is reversible work. 

Energy Eq.: 0 = h 1 -h 2 -w c => 

- w c = h 2 - hj = 475.8 - 300.47 = 175.33 kJ/kg 

\|/j = 0 at ambient conditions 

Get the properties from the air table A. 7.1 and correct standard entropy for the 
pressure 

s 0 " s 2 = S T 0 ‘ s T 2 " R l n (P(/P2) 
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= 6.86926 - 7.3303 - 0.287 ln( 100/400) = -0.06317 kJ/kg K 
¥2 = h 2 - h o + T o( s o - s 2 ) = 475 - 79 ' 300.473 + 300 (-0.06317) 

= 156.365 kJ/kg 

-w REV = (v|/ 2 - Vl ) = (156.365 - 0) kJ/kg = 156.365 kJ/kg 

, w rpv -156 365 w nr + i 

2 nd law efficiency: = — = ~_ ll533 = 0.892 ( = ) 
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8.104 

Find the isentropic efficiency and the second law efficiency for the compressor in 
Problem 8.26. 

A compressor in a refrigerator receives R-410A at 150 kPa, -40°C and it brings it 
up to 600 kPa, using an actual specific shaft work of 58.65 kJ/kg in an adiabatic 
compression. Find the specific reversible work. 

C.V. Compressor. Assume adiabatic and neglect ki netic energies. 

Energy Eq.: 0 = h 1 -h 2 -w 

Entropy Eq.7.8: s 2 = S 1 + s gen 

State 1: B.4.2 hj = 263.99 kJ/kg, Sl = 1.1489 kJ/kg K 
h 2 ,AC = h i - w = 263.99 + 58.65 = 322.64 kJ/kg 
State 2ac: B.4.2 P, h 2 => s 2 = 1.2152 kJ/kg K 
State 2s: B.4.2 (P, s = sj) h 2 s = 302.67 kJ/kg 

We have two different compressors: 

IDEAL: ACTUAL: 

- w c,s = h 2, s - hi = 38.68 kJ/kg -w c>AC = h 2 AC - hj = 58.65 kJ/kg 


Definition Eq.7.27: q c = w c s /w c AC = 0.659 

Rev. work Eq.8.29: w rev = \|/j - V 2 ,ac = hj - h 2 AC - T 0 ( Sl - s 2 AC ) 

= -58.65-298.15 (1.1489- 1.2152) 

= -58.65 + 19.767 = -38.9 kJ/kg 


,nd 


W 


2 law efficiency: 


Un = 


rev 


W 


ac 


-38.9 

-58.65 


= 0.663 ( = 


w ac + i 


w 


ac 
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8.105 

A steam turbine has inlet at 4 MPa, 500°C and actual exit of 100 kPa, x = 1.0. 
Find its first law (isentropic) and its second law efficiencies. 

Solution: 

C.V. Steam turbine 

Energy Eq.4.13: w = hj - h e 

Entropy Eq.7.9: s e = Sj + s gen 

Inlet state: Table B. 1.3 hj = 3445.2 kJ/kg; Sj = 7.0900 kJ/kg K 
Exit (actual) state: Table B. 1.2 h e = 2675.5; s e = 7.3593 kJ/kg K 

Actual turbine energy equation 

w = hj - h e = 769.7 kJ/kg 

Ideal turbine reversible process so s gen = 0 giving 

s es = Sj = 70900 = 1.3025 + x es x 6.0568 

x es = 0.9555, h es = 417.4 + 0.9555 x 2258.0 = 2575.0 kJ/kg 

The energy equation for the ideal gives 

w s = hj - h es = 870.2 kJ/kg 

The first law efficiency is the ratio of the two work terms 

q s = w/w s = 0.885 

The reversible work for the actual turbine states is, Eq.8.29 

w rev = (hj - hg) + T 0 (s e - Sj) 

= 769.7 + 298.2(7.3593 - 7.0900) 

= 769.7 + 80.3 = 850.0 kJ/kg 
Second law efficiency Eq.8.31 

r l2 nd Law = w ^ w rev = 769.7/850.0 = 0.906 
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8.106 

Find the second law efficiency for the compressed air system in Problem 8.65. 
Consider the total system from the inlet to the final point of use. 

In the total system the exergy increase in the air from inlet to final exit point is the 
gain and the source is the compressor work input. 

Compressor. Reversible adiabatic, constant s: s 2 = Sj 

/ p 2 yf /600\o.2857 

T 2 = T 1 (^r y ) k = 300 VYqq/ = 500.5 K 

¥2 - ¥1 = (h 2 - ^i) - T 0 (s 2 - Si) = h 2 - h! = C po (T 2 - Tj) 

= 1.004 (500.5 - 300) = 201.3 kJ/kg = -w c 


From inlet, state 1 to final point of use state 3. 

¥3 - ¥t = (h -3 - h : ) - T 0 (s 3 - s 2 ) = 0 - T 0 [0 - R ln(P 3 /P 1 )] 
= T 0 R lnCPyPj) = 298.15 x 0.287 x In (600/100) 
= 153.3 kJ/kg 


¥3 ~ ¥1 153.3 

h* 1 v|/ 2 - ¥1 201.3 


0.76 
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8.107 

A turbine receives steam at 3000 kPa, 500°C and has two exit flows, one at 1000 

kPa, 350°C with 20% of the flow and the remainder at 200 kPa, 200°C. Find the 
isentropic and the second law efficiencies. 

C.V. Steam turbine ( x = 0.2 = extraction fraction) 

Energy Eq.4. 13: w = Iq - xh 2 - (1 - x)h 3 

Entropy Eq.7.9: s e = s^ + s gen 

Inlet state: Table B.1.3 hq = 3456.48 kJ/kg; sj = 7.2337 kJ/kg K 
Extraction state: h 2 = 3157.65 kJ/kg, s 2 = 7.3010 kJ/kg K 

Exit (actual) state: Table B.1.3 h 3 = 2870.46; s 3 = 7.5066 kJ/kg K 
Actual turbine energy equation 

w = 3456.48 - 0.2 x 3157.65 - 0.8 x 2870.46 = 528.58 kJ/kg 
Ideal turbine reversible process so s gen = 0 giving 

s 2s = Sl = 7.2337 => h 2s = 3117.43 kJ/kg 
s 3s = Sl = 7.2337 => h 3s = 2750.12 kJ/kg 

The energy equation for the ideal turbine gives 

w s = h 1 -xh 2s -(l-x)h 3s 

= 3456.48 - 0.2 x 31 17.43 - 0.8 x 2750.12 = 632.9 kJ/kg 
The first law efficiency: q s = w/w s = 0.835 

The reversible work for the actual turbine states is, Eq.8.29 

w rev = [h, - xh 2 - (1 - x)h 3 ] - T 0 [ si - xs 2 - (1 - x)s 3 ] 

= 528.58 - 298.2(7.2337 - 0.2 x 7.301 - 0.8 x 7.5066) 

= 528.58 + 69.1 =597.68 kJ/kg 
Second law efficiency Eq.8.31 

q n = w/w rev = 528.58/597.68 = 0.884 
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8.108 

Steam enters a turbine at 25 MPa, 550°C and exits at 5 MPa, 325°C at a flow rate 
of 70 kg/s. Determine the total power output of the turbine, its isentropic 
efficiency and the second law efficiency. 

Solution: 

hj = 3335.6 kJ/kg, s i = 6.1765 kJ/kg K, 
h e = 2996.5 kJ/kg, s e = 6.3289 kJ/kg K 
Actual turbine: w Xac = hj - h e = 339.1 kJ/kg 

W = m w X ac = 70 x 339.1 = 23 740 kW 
Isentropic turbine has a different exit state: s e s = Sj => h e s = 2906.6 kJ/kg 

W T, S = h i - h e,s = 429 kJ/kg 

Rev. turbine has the same exit state as the actual turbine: 

w re V = w T,ac + T 0 (s e ' s i) = 339.1 + 45.44 = 384.54 kJ/kg 
Eq.7.27: q x = w Xac /w Xs = 339.1/429 = 0.79 

Eq.8.31: q n = w Xac /w rev = 339.1/384.54 = 0.88 
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8.109 

A heat engine operating with an evironment at 298 K produces 5 kW of power 
output with a first law efficiency of 50%. It has a second law efficiency of 80% 
and T L = 310 K. Find all the energy and exergy transfers in and out. 

Solution: 

From the definition of the first law efficiency (conversion efficiency) 

Q H = W/ii I = ^=10kW 

Energy Eq.: Q L = Qh - W= 10-5 = 5 kW 


• • 

Exergy output: ® w = W = 5 kW 


From the definition of the second law efficiency rpj = W/® H . this requires that 
we assume the exergy rejected at 310 K is lost and not counted, otherwise the 


• • • 

efficiency should be q n = W/(® H - ® L ). 


Exergy from source: 


Exergy rejected: 


T " 1 

®H = 0- ^)Q H =W/ niI = ^ = 6.25kW 
T 0 . 298 

®L = (1- ^)Q L = (l-^)5=0.194kW 

I J 


Notice from the form we could find the single characteristic T H as 
T 

(1 - ^) = 6.25 kW/Q H = 0.625 => T H = 795 K 
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8.110 

A flow of nitrogen, 0.1 kg/s, comes out of a compressor stage at 500 kPa, 500 K 
and is now cooled to 310 K in a counterflowing intercooler by liquid water at 125 

kPa, 15°C which leaves at 22°C. Find the flowrate of water and the second law 
efficiency for the heat exchanger. 

Solution: 

Continuity eq.: irq = m 2 = m H20 ; 1113 = 1114 = m N2 

Energy eq.: 0 = m N2 (h 3 - h 4 ) + m H20 (h 2 - h,) 

• • • 

Entropy Eq.7.7: 0 = m N2 (s 3 - s 4 ) + m H; , 0 (s 2 - s^ + S gen 

Due to the lower range of temperature we will use constant specific heats from 
A. 5 and A. 4 so the energy equation is approximated as 

0 = I ^H20 C pH20 ( T 2 ~ T l) + 1 ^N2 C p ( T 3 - T 4) 

Now solve for the water flow rate 

™H20 = ™N2 C pN2 ( T 3 “ T 4) 1 l C pH20 ( T 1 “ T 2)] 

= 0.1 kg/s x 1.042 kJ/kgK x (500 -310) K/ [4.18 x(22 -15) kJ/kg] 

= 0.677 kg/s 

The second law efficiency is the exergy gain over the exergy source so we need 
exergy change in both flows. 

m N2 (¥4 ~ ¥3) = m N2^p [T 4 - T 3 -T 0 In (T 4 /T 3 )] 

= 0.1 kg/s x 1.042 kJ/kgK x[310 - 500 -298.15 In ] K = -4.95 kW 


m H 2 0 (¥l - ¥2) - m H 2 0 C P [ T 1 “ T 2 - T 0 ln ( T l /T 2 )] 

= 0.677 kg/s x4.18 kJ/kgK [22 -15 -298.15 ln(|||)] K = -0.45 kW 


The nitrogen loses exergy as it cools, but the water also loses why? The water is 
brought closer to T 0 as it is being heated up which is closer to zero exergy. Both 

exergies drops and equals total exergy destruction (T 0 S gen = 5.4 kW) q n < 0 !. 



A hydraulic motor driven compressor, intercooler in pipe between the two stages. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


8.111 

Air flows into a heat engine at ambient conditions 100 kPa, 300 K, as shown in 
Fig. P8.1 1 1. Energy is supplied as 1200 kJ per kg air from a 1500 K source and in 
some part of the process a heat transfer loss of 300 kJ/kg air happens at 750 K. 
The air leaves the engine at 100 kPa, 800 K. Find the first and the second law 
efficiencies. 

C.V. Engine out to reservoirs 

hi + 91500 = O750 + h e + w 


w ac - hi + qisoo - 0750 “ h e 

= 300.47 + 1200 - 300 - 822.20 = 378.27 kJ/kg 

Oth = w ^Oi500 = 0.3152 

For second law efficiency also a q to/from ambient 

s i + (qi 50 o/ T fl) + (qo /T o) = (075(/T m ) + S e 


Oo - To(s e - Si) + (T 0 /T m )q 750 - (T 0 /T H )q 1500 

( 1003 300 

= 300^7.88514 - 6.86925 - 0.287 ln JooJ + 750 300 

-(300/1500) 1200= 184.764 kJ/kg 


rev 

w = hi - h e + q 1500 - q 750 + q 0 = w ac + q 0 = 563.03 kJ/kg 
flu = w ac^ w rev = 378.27/563.03 = 0.672 


Comment: You could also have defined the second law efficiency as 

Exergy in: (p H = (1-T 0 /T H ) q 150 o = 0.80 x 1200 = 960 kJ/kg 

rin = w ac / (p H = 378.27 / 960 = 0.394 
This measure places zero value of the loss at 750 K, zero exergy 
value for the two flow terms. 
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8.112 

Air enters a compressor at ambient conditions, 100 kPa, 300 K, and exits at 800 
kPa. If the isentropic compressor efficiency is 85%, what is the second-law 
efficiency of the compressor process? 

Solution: 

Ideal (isentropic, Eq.6.23) 

T 2s = 300(8)°- 286 = 543.8 K 
-w s = 1.004(543. 8 -300) = 244.6 kJ/kg 
-w s 244.6 

' w= ^7 = lm =287 - 8kJ/k 8 



Actual exit temperature 

-w 287.8 

T 2 - T i + c po “ 300 + 1.004 - 586 ' 8 K 
Eq.6.16: s 2 - Sj = 1.004 ln(586.8/300) - 0.287 In 8 = 0.07645 kJ/kgK 

Exergy, Eq.8.23 

¥2 - ¥i = (h 2 - hi) - T 0 (s 2 - sj) = 287.8 - 300(0.07645) = 264.9 kJ/kg 

2nd law efficiency, Eq.8.32 or 8.34 (but for a compressor): 

¥2 - ¥1 264.9 

hn - - W “ 287.8 “ 0,92 
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8.113 

Consider that the air in the previous problem after the compressor flows in a pipe 
to an air tool and at that point the temperature has dropped to ambient 300 K and 
an air pressure of 750 kPa. What is the second law efficiency for the total system? 


C.V. Compressor 

Energy: 0 = h 1 -h 2 + w c ; Entropy: (^s^s -2 + 0 


p 

T 2 = T,(ff) k = 30 o( 


800\0.2857 

100 / 


= 543.4 K 


Exergy increase through the compressor matches with the ideal compressor work 
w c s = h 2 - hj = C P (T 2 - Tj) = 1 .004 (543.4 - 300) kJ/kg = 244.4 kJ/kg 

The actual compressor work is 

w Cac = w Cs/'n C s = 244.4/0.85 = 287.5 kJ/kg 
From inlet, state 1 to final point of use state 3. 

Y 3 - Vi = (h 3 - hj) - T 0 (s 3 - sj) = 0 - T 0 [0 - R ln(P 3 /P 1 )] 


= T 0 R ln/P^) = 298.15 Kx 0.287 kJ/kgK x In (750/100) 

= 172.4 kJ/kg 

So then the second law efficiency is the gain (\j/ 3 - xj/p over the source w c ac as 


¥ 3 -¥l 172.4 

11,1 “ w Cac - 287.5 -0 - 6 
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8.114 

A compressor is used to bring saturated water vapor at 1 MPa up to 15 MPa, 
where the actual exit temperature is 650°C. Find the irreversibility and the 
second-law efficiency. 

Solution: 

Inlet state: Table B. 1.2 hj = 2778.08 kJ/kg, Sj = 6.5864 kJ/kg K 
Actual compressor Table B.1.3: h e ac = 3712.32 kJ/kg, s e ac = 6.8223 kJ/kg K 
Energy Eq. Actual compressor: -w c ac = h e ac - hj = 934.2 kJ/kg 

From Eq.8.13: i = T 0 (s e ac - Sj) = 298.15 (6.8223 - 6.5864) = 70.33 kJ/kg 
From Eq.8.15: w rev = i + w c ac = 70.33 - 934.2 = -863.87 kJ/kg 
T|n = -w rev /w c ac = 863.87/934.2 = 0.925 
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8.115 

Use the exergy equation to analyze the compressor in Example 4.8 to find its 
second law efficiency assuming an ambient at 20°C. 

C.V. The R-134a compressor. Steady flow. We need to find the reversible work 
and compare that to the actual work. 

Notice the heat loss goes out to ambient T and has thus 0 exergy. 

Exergy eq.: 8.38: 0 = m(\|/j - v|/ 2 ) + (-W^mp) + 0 

• rev • 

" W comp = in [ h 2 - hj - T 0 ( s 2 - Sj ) ] 

= 0.1 kg/s [435.1 - 387.2 - 293.15 K x (1.7768 - 1.7665) 

= 4.5 kW 

• rev • ac 4.5 

Tin — _ W com p / _ W com p — ^ — 0.90 

For a real device this is a little high. 
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8.116 


Calculate the second law efficiency of the coflowing heat exchanger in Problem 
7.113 with an ambient at 17°C. 


Solution: 

C.V. Heat exchanger, steady 
2 flows in and two flows out. 




First solve for the exit temperature in Problem 7.113 
C.V. Heat exchanger, steady 2 flows in and two flows out. 


Energy Eq.4. 10: m 02 h 1 + m N2 h 3 = m 02 h 2 + m N2 h 4 

Same exit tempearture so T 4 = T 2 with values from Table A. 5 


• • • • 

m 02 C P 02 T 1 + m N2 C P N2 T 3 = ( m 02 C P 02 + m N2 C P N2) T 2 

0.5 x 0,922 x 290 + 0.6 x 1 ,042 x 500 446.29 
T 2 ~ 0.5 x 0.922 + 0.6x 1 .042 “ 1 .0862 “ 41(19 K 

The second law efficiency for a heat exchanger is the ratio of the exergy gain by 
one fluid divided by the exergy drop in the other fluid. We thus have to find the 
change of exergy in both flows. For each flow exergy in Eq.8.23 include mass 
flow rate as in Eq.8.38 

For the oxygen flow: 


m 02(V2 - ¥l ) = m 02 [ h 2 - hi - T 0 ( s 2 - S! ) ] 


= m 02 [ C p (T 2 - Ti) - T 0 [ C P ln(T 2 / Tj) - R ln(P 2 / P 3 ) ] 

= i^ 02 C P [T 2 -T 1 -T 0 ln(T 2 /T 1 )] 

= 0.5 x 0.922 [ 410.9 - 290 - 290 ln(410.9/290) ] = 9.148 kW 
For the nitrogen flow 

m N2(¥3 ' ¥ 4 ) = m N2^-'P [ T 3 - T 4 - T 0 ln(T 3 / T 4 ) ] 

= 0.6 x 1.042 [ 500 - 410.9 - 290 ln(500/410.9) ] = 20.122 kW 

From Eq.8.32 


r l2 nd Law = 


m 0 2(Vl-V2) 9.148 


m N2 (\|/3 - ¥4) 


20.122 


= 0.513 
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8.117 

An air-compressor receives air at 290 K, 100 kPa and brings it up to a higher 
pressure in an adiabatic process. The actual specific work is 210 kJ/kg and the 
isentropic efficiency is 82%. Find the exit pressure and the second law efficiency. 

C.V. Compressor. Assume adiabatic and neglect kinetic energies. 

Energy Eq. 4. 13: w = hj - h 2 

Entropy Eq.7.9: 82 = 82 + s gen 

We have two different cases, the ideal and the actual compressor. 

-w c ,ac = h 2,AC - h t = 210 kJ/kg = w cs / T) c 
T 2 ac = T i - W C,AC / Cp = 290 + 210 / 1.004 = 499.2 K 
For the isentropic compressor we get 

~ w c,s = “Be w c,ac = °- 82 x 210 = 172 - 2 kJ/k § = h 2,s - h l 
T 2,s = T 1 -w c>s / Cp = 290 + 172.2/1.004 = 461.5 K 

p 2 = p l ( T 2,s / Ti ) 1 ^’ 1 = 100 (461.5/290) 3 ' 5 = 508.4 kPa 
Now the 

T6V 

w = (W 1 - V 2 , Ac) = ( h 1 - h 2, Ac) + T o(S2, AC - S 1 ) 

= W C , AC + T 0 [ Cp ln(T 2 ac / Ti) - R In (P 2 / P^] 

499.2 508.4 

= -210 + 298.15 [ 1.004 ln(^~) - 0.287 ln(^-) ] 

= -210 + 23.4 = - 186.6 kJ/kg 

rev 186.6 

Bn = w / w c>AC = = 0.88 
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8.118 

A flow of 2 kg/s water at 1000 kPa, 80°C goes into a constant pressure boiler 

where the water is heated to 400°C. Assume the hot gases that heats the water is 
air coming in at 1200 K and leaving at 900 K as in a counter flowing heat 
exchanger. Find the total rate of irreversibility in the process and the second law 
efficiency of the boiler setup. 

Solution: 

C.V. Heat exchanger, steady flow 1 inlet and 
1 exit for air and water each. The two flows 
exchange energy with no heat transfer 
to/from the outside. We need to find the air 
mass flow rate. 


Energy Eq.: m H20 (h 2 - h i ) = m air (h 3 - h 4 ) 

h 2- h l „ 3263.88 - 335.64 ^ ^ , , 

m air - m H20 h 3 - h 4 _ 2 1277.81 - 933.15 - 16 - 992 kg/s 

Exergy increase of the water flow 



1 water 


m H2C)(¥2 - ¥l) - m H2o[ h 2 ” h l ' T o( s 2 " s l)] 

= 2 [3263.88 - 335.64 - 298.15(7.465 - 1.0746)] 

= 2 [ 2928.24 - 1905.3 ] = 2045.9 kW 
Exergy decrease of the air flow 

m air(V3 - ¥4) = m air [h 3 - h 4 - T g (s 3 - s 4 )] 

= 16.992 [1277.81 - 933.15 - 298.15(8.34596 - 8.01581)] 

= 4183.9 kW 

The irreversibility is the destruction of exergy 

i = ^destruction = ®in ' ®out = 4183.9 kW - 2045.9 kW = 2138 kW 

m H 2 o (¥2 - ¥l) 2045.9 „ 

1 l2 nd Law — — 41 83 9 — 0*489 

m a ir(¥3 ' ¥ 4 ) 
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8.119 

A heat exchanger brings 10 kg/s water from 100°C to 500°C at 2000 kPa using air 
coming in at 1400 K and leaving at 460 K. What is the second law efficiency? 

Solution: 

C.V. Heat exchanger, steady flow 1 inlet and 
1 exit for air and water each. The two flows 
exchange energy with no heat transfer 
to/from the outside. We need to find the air 
mass flow rate. 


Energy Eq.: m H20 (h 2 - h,) = m air (h 3 - h 4 ) 

h2~ h l , „ 3467.55 - 420.45 , 

m air - m H20 h 3 - h 4 _ 10 1515.27 - 462.34 “ 28 - 939 k § /s 

Exergy increase of the water flow 



m H20^4 , 2 - ¥l) - m H2o[ h 2 ~ h l - T Q (s 2 - Sj)] 

= 10 [ 3467.55 - 420.45 - 298.15(7.4316 - 1.3053)] 
= 10 [ 3047.1 - 1826.56 ] = 12 205 kW 
Exergy decrease of the air flow 


m air<>3 ‘ ¥4) = m air [h 3 - h 4 - T g (s 3 - s 4 )] 

= 28.939 [1515.27 - 462.34 - 298.15(8.52891 - 7.30142)] 
= 19 880 kW 


h2 nd Law 


m H 2o(¥2 - ¥ 1 ) 

m a ir(V3 - ¥4) 


12 205 
19 880 


0.614 
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8.120 

Calculate the second law efficiency of the counter flowing heat exchanger in 
Problem 7.105 with an ambient at 20°C. 


Solution: 

C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The two 
flows exchange energy with no heat 
transfer to/from the outside. 




2 


3 water 


Heat exchanger Prob 7.105 with T 0 = 20°C solve first for state 4. 

Energy Eq.4. 10: m AIR Ah AIR = m H 20 Ah H20 

From A.7: h, - h 2 = 1046.22 - 401.3 = 644.92 kJ/kg 

From B. 1.2 h 3 = 83.94 kJ/kg; s 3 = 0.2966 kJ/kg K 

h 4 - h 3 = (m AIR /mj 320 )(h 1 - h 2 ) = (2/0.5)644.92 = 2579.68 kJ/kg 
h 4 = h 3 + 2579.68 = 2663.62 < h g at 200 kPa 
T 4 = T sat = 120.23°C, 

x 4 = (2663.62 - 504.68)/2201.96 = 0.9805, 
s 4 = 1.53 + x 4 5.597 = 7.01786 kJ/kg K 
We need the change in exergy for each flow from Eq.8.23 

(¥l - ¥2) = ( h l ' h 2) + T o( s 2 - s l) 

= (1046.2 - 401.3) + 293.2(7.1593 - 8.1349 - 0.287 ln(100/125) 
= 644.9 + 293.2(-0.91156) = 377.6 kJ/kg 

(¥4 ' ¥3) = ( h 4 - h 3) + T o( s 4 - S3) 

= (2663.6 - 83.9) - 293.2(7.0179 - 0.2966) 

= 2579.9- 1970.7 = 609.0 
Efficiency from Eq.8.32 

• • 

h2 nd Law = [m w (¥4 - ¥3)]/[ m A(¥l - ¥2)] 

= (0.5 x 609.0)/(2 x 377.6) = 0.403 
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8.121 

A steam turbine receives 5 kg/s steam at 400°C, 10 MPa. One flow of 0.8 kg/s is 
extracted at 3 MPa as saturated vapor and the remainder runs out at 1500 kPa with 
a quality of 0.975. Find the second law efficiency of the turbine. 


C.V. Turbine. Steady flow and adiabatic q = 0. 
Continuity Eq.4.9: m^ = ir^ + m 3 ; 


Energy Eq.4.10: lTqlq = ni 2 h 2 + m 3 h 3 + W 

• • • • 

Entropy Eq.7.7: + S gen = m 2 s 2 + m 3 s 3 



State 1: hj = 3096.46 kJ/kg, Sl = 6.2119 kJ/kg-K 
State 2: h 2 = 2804. 14 kJ/kg, s 2 = 6. 1 869 kJ/kg-K 
State 3: h 3 = 844.87 + 0.975 x 1947.28 = 2743.5 kJ/kg, 
s 3 = 2.315 + 0.975 x 4.1298 = 6.34156 kJ/kg-K 

W = m 1 h 1 - m 2 h 2 - m 3 h 3 = 5 x 3096.46 - 0.8 x 2804.14 - 4.2 x 2743.5 
= 1716 kW 

This work is now compared to the reversible work possible 

• rev . 

W = m 1 \|/ 1 - m 2 \)/2 - m 3 v|/ 3 

• • • • • • 

= m,h, - m 2 h 2 - m 3 h 3 - T 0 [ nqs, - m 2 s 2 - m 3 s 3 ] 

= 1716 kW- 298.15 [5 x 6.2119-0.8 x 6.1869-4.2 x 6.34156] kW 
= 1716 kW + 156.4 kW = 1872 kW 

• • rev 1716 

92 nd Law = w/w =1872 = 0.917 
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8.122 

Calculate the irreversibility for the process described in Problem 4.154, assuming 
that heat transfer is with the surroundings at 17°C. 


Solution: 


C.V. Cylinder volume out to T 0 = 17 °C. 


Continuity Eq.4.15: m 2 - mj = m in 

Energy Eq.4. 16: m 2 u 2 - mjUj = m in h line + 2 Q 2 - {W 2 


Entropy Eq.7.12: m 2 s 2 - m jS] = nqsj + jQ 2 / T 0 + jS 2 gen 

Process: Pj is constant to stops, then constant V to state 2 at P 2 


State 1: Pj, Tj 


p l v 300 x 0,25 
m ! - RT : “ 0.287 x 290.2 “ 0 ‘ 90 kg 


State 2: 

Open to P 2 = 400 kPa, T 2 = 350 K 
400 x 1 

m 2 “ 0.287 x 350 - 3 ' 982 kg 
mj = 3.982 - 0.90 = 3.082 kg 

Only work while constant P 

,W 2 = Pj(V 2 - Vj) = 300(1 - 0.25) = 225 kJ 

Energy eq.: 

lQ 2 = m 2 u 2 - mjUi + jW 2 - mjhj 

= 3.982 x 0.717 x 350 - 0.90 x 0.717 x 290.2 + 225 
- 3.082 x 1.004 x 600 = -819.2 kJ 
Entropy eq. gives 



T 0 lS 2 gen = 1 = T 0 [ m l ( s 2 - s l) + m i (S 2 - Si)] - lQ 2 


= 290.15[0.9(C p In 


350 400 

290 ' R ln 300 


+ 3.082(C p ln 


350 

600 


- R ln 


400 
500 )] 


-(- 819.2 kJ) 

= 290.15 (0.0956 - 1.4705) + 819.2 


= 420.3 kJ 
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8.123 

The high-temperature heat source for a cyclic heat engine is a steady flow heat 
exchanger where R-134a enters at 80°C, saturated vapor, and exits at 80°C, 
saturated liquid at a flow rate of 5 kg/s. Heat is rejected from the heat engine to a 
steady flow heat exchanger where air enters at 150 kPa and ambient temperature 
20°C, and exits at 125 kPa, 70°C. The rate of irreversibility for the overall process 
is 175 kW. Calculate the mass flow rate of the air and the thermal efficiency of 
the heat engine. 


C.V. R-134a Heat Exchanger, 

m R 134a = 5 kg/s, Table B.5.1 

Inlet: T 1 = 80°C, sat. vapor x 1 = 1.0, 

hj =h g = 429.189 kJ/kg, 
s l = s g = 1.6862 kJ/kg-K 

Exit: T 2 = 80°C, sat. liquid x 2 = 0.0 
h 2 = h f = 322.794 kJ/kg, 
s 2 = s f = 1.3849 kJ/kg-K 



C.V. Air Heat Exchanger, C p = 1 .004 kJ/kg-K, R = 0.287 kJ/kg-K 

Inlet: T 3 = 20°C, P 3 =150kPa Exit: T 4 = 70°C, P 4 =125kPa 
s 4 - s 3 = C p In (T 4 /T 3 ) - R ln(P 4 /P 3 ) = 0.2103 kJ/kg-K 


Entropy Eq. for the total system as control volume (since we know I ): 


i /T o- S n et - ™R134a ( s 2 " s l) + ™air( s 4 " s 3) 


m air = 


~ 1 ^ L R134a( s 2 " s l) 
S 4 - S 3 


(175/293.15) - 5 (1.3849 - 1.6862) kW/K 
0.2103 kJ/kg-K 


= 10.0 kg/s 


• • • • • 

Energy Eq. for each line: Q + mh m = mh ex + W; W = 0 

R-134a: jQ 2 = -Q H = m R i 34a (h 2 - hj) = -532 kW 


Air: Ql = 3 Q 4 = m a ir(h 4 - h 3 ) = m air C p (T 4 - T 3 ) = 501 .8 kW 

Control volume heat engine 

W net = Q h - Ql = 532 - 501 .8 = 30.2 kW; 
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Bth = W net / Qh = 0.057, 


or 5.7% 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


8.124 

A cylinder with a linear spring-loaded piston contains carbon dioxide gas at 2 
MPa with a volume of 50 L. The device is of aluminum and has a mass of 4 kg. 
Everything (A1 and gas) is initially at 200°C. By heat transfer the whole system 
cools to the ambient temperature of 25°C, at which point the gas pressure is 1.5 
MPa. Find the exergy at the initial and final states and the destruction of exergy in 
the process. 

State 1: Tj = 200 °C, Vj = Vj/ m = 0.05 / 1.1186 = 0.0447 m 3 /kg 

State 2: v 2 = Vl x (2 / 1.5) x (298.15 / 473.15) = 0.03756 m 3 /kg 

The metal does not change volume, so the combined is using Eq.8.27 as 
^t = mgas^gas + m Al ( t ) Al 

= m ga S [ u r u o- T o( s i - s o)]cv + m gas p o( v r v o) + m Ai[ u r u o - T o( s r s o)]Ai 

Tl Pi 

- m gasCv (Ti - T 0 ) - nig as T 0 [Cp In T 0 ” R l n p Q ] + m gasPo ( v i ~ v o) 


<I>1 = 


+ m A1 [C (T, - T 0 ) - T 0 C ln (Tj/Tq) ] A1 

473.15 2000 

1.1186 [ 0.653(200-25) - 298.15 (0.842 ln 2gg lg - 0.18892 ln ) 

+ 100 (0.0447 - 0.5633 ) ] + 4 x 0.90 [ 200 -25 - 298.15 ln ||rj| ] 
= 128.88 + 134.3 = 263.2 kj 


298.15 


<() 2 = 1.1186 [ 0.653(25 - 25) - 298.15 (0.842 ln 29g lg - 0.18892 ln 


1500 

100 


) 


298.15 


+ 100 (0.03756 - 0.5633 ) ] + 4 x 0.9 [ 25 -25 - 298.15 ln 29g ^ ] 


= 111.82 + 0 = 111.82 kj 

The irreversibility is as in Eq.8.38 integrated over time (no flow terms) 

|I 2 = «!>!- <h + [1 - (T 0 /T h )] 1 Q 2 - iW 2 ac + P 0 m( V 2 - V0 

= 263.2 - 111.82 + 0- (-14) + 100 x 1.1186 (0.03756 - 0.0447) = 164.58 kj 
[(tS s gen = 0.552 kJ/K; T 0 jS s gen = 164.58 kj so OK ] 
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8.125 

A two-stage compressor takes nitrogen in at 20°C, 150 kPa compresses it to 600 
kPa, 450 K then it flows through an intercooler where it cools to 320 K and the 
second stage compresses it to 3000 kPa, 530 K. Find the specific exergy increase 
and the specific exergy destruction in each of the two compressor stages. 

The setup is like this: 



C.V.: Stage 1 nitrogen, Steady flow 
Process: adibatic: q = 0, s gen = 0 

Energy Eq. 4.13: -w cl = h 2 - fq , Entropy Eq. 7.10: 0 = S! - s 2 + s gen C1 

Assume constant C P0 = 1.042 from A.5 and Eq.6.16 for change in entropy 


Sgen Cl = s 2 - S 1 = Cpo ln (T 2 /Ti) - R In (P 2 /Pi) 

= 1.042 ln(450/293.15) - 0.2968 ln(600/150) = 0.0351 kJ/kgK 
^destruction Cl = T o s ge n Cl = 298 - 15 K x °- 0351 kJ/kgK = 10.46 kj/kg 
¥2 - Vi = h 2 - h i - To (s 2 - Sj) = Cp 0 (T 2 - Tj) - T 0 (s 2 - Sj) 

= 1.042(450-293.15) - 298.15 x 0.0351 = 152.98 kj/kg 
Sgen C2 = s 4 ~ s 3 = C P0 ln(T 4 /T 3 ) - R In (P4/P3) 

= 1.042 ln(530/320) - 0.2968 ln(3000/600) = 0.0481 kJ/kgK 
^destruction C2 = T o s g en C 2 = 298.15 K x 0.0481 kJ/kgK = 14.34 kj/kg 
\\i 4 - \|/ 3 = h 4 - h 3 - T 0 (s 4 - s 3 ) = C P0 (T 4 - T 3 ) - T 0 (s 4 - s 3 ) 

= 1.042(530 - 320) - 298.15 x 0.0481 = 204.48 kj/kg 

Comment: Notice how the exergy increases are the enthalpy increase minus the 
exergy destruction. 
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8.126 

The intercooler in the previous problem uses cold liquid water to cool the 

nitrogen. The nitrogen flow is 0.1 kg/s and the liquid water inlet is 20°C and setup 

to flow in the opposite direction as the nitrogen so the water leaves at 35°C. Find 
the flow rate of the water and the exergy destruction in this intercooler. 

C.V. Heat exchanger, steady 2 flows in and two flows out. 

Continuity eq.: irq = m 2 = m H20 ; m 3 = m 4 = m N2 

Energy eq.: 0 = m N2 (h 3 - h 4 ) + m H20 (h 2 - h,) 

• • • 

Entropy Eq.7.7: 0 = m N2 (s 3 - s 4 ) + m HoQ (s 2 - s x ) + S gen 

Due to the lower range of temperature we will use constant specific heats from 
A. 5 and A. 4 so the energy equation is approximated as 

0 = n i H20 C pH20 ( T 2 - T l) + I ^N2Cp (T 3 - T 4 ) 

Now solve for the water flow rate 


= m N2 C pN2 (T 3 - T 4 ) / [C pH2 o (T| - T 2 )] 

= 0.1 kg/s x 1.042 kJ/kgK x (450 -320) K / [4.18 x(35 -20) kJ/kg] 

= 0.216 kg/s 
• • • 

S gen = m N2 ( s 4 “ s 3) + m H 2 0 ( S 1 ' s 2) 

= m N2 Cp In (T 4 /T 3 ) + m H2 oCp In (Tj/T 2 ) 

320 308 

= 0.1 kg/s x 1.042 kJ/kgK In + 0.216 kg/s x4. 18 kJ/kgK ln^(^ 

= -0.03552 + 0.04508 = 0.00956 kW/K 
^destruction = I = T 0 S gen = 298.15 K x 0.00956 kW/K = 2.85 kW 



A hydraulic motor driven compressor with intercooler in small pipe between the 
two stages. 
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8.127 

Find the irreversibility in the cooling process of the glass plate in Problem 4.144. 

In a glass factory a 2 m wide sheet of glass at 1500 K comes out of the final 
rollers that fix the thickness at 5 mm with a speed of 0.5 m/s. Cooling air in the 

amount of 20 kg/s comes in at 17°C from a slot 2 m wide and flows parallel with 
the glass. Suppose this setup is very long so the glass and air comes to nearly the 
same temperature (a co-flowing heat exchanger) what is the exit temperature? 


Energy Eq.: m glass h glass , + m air h air 2 = m glass h glass 3 + m air h air 4 


glas: 


m o l ass = pV = pAV = 2500x 2 x0.005x 0.5 = 12.5 kg/s 


™glass C gl ass < T 3 ~ + m air C pa ( T 4 - T 2 ) = 0 

T 4 = T 3 ’ C glass = 0.80 kJ/kg K, Cp a = 1.004 kJ/kg K 


T,= 


m glass C glass T 1 + m air C Pa T 2 12.5x0,80x1500 + 20x1,004x290 


m , C , + m . C D 

glass glass air Pa 


12.5x0.80 + 20x1.004 


= 692.3 K 


To find the irreversibility we need the entropy generation term 

• • • • • 

Entropy Eq.: m glass s glass l + 

m air s air 2 ^gen ” m glass s 2 iass 3 m air s air 4 

• • • 

Sgen — m glass ( s 3 — S l)glass m air( s 4 — s 2)air 

= m glass C glass ln(T 3 / Tj) + m air C pa ln(T 4 / T 2 ) 

= 12.5 x0.8 x ln(692.3 / 1500) + 20 x 1.004 x ln(692.3/290) 
= -7.732 kW/K + 17.472 kW/K = 9.74 kW/K 

i = ^destruction = T 0 S gen = 298.15 K x 9.74 kW/K = 2904 kW 
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8.128 

Air in a piston/cylinder arrangement is at 1 10 kPa, 25°C, with a volume of 50 L. 

It goes through a reversible polytropic process to a final state of 700 kPa, 500 K, 
and exchanges heat with the ambient at 25°C through a reversible device. Find the 
total work (including the external device) and the heat transfer from the ambient. 

C.V. Total out to ambient 

Energy: m a (u 2 - Uj) = ,Q 2 - |W 2>tot , 

Entropy: m a (s 2 - s,) = jQ/Tq + 0 

m a = 1 10 x 0.05/0.287 x 298. 15 = 0.0643 kg 

jQ 2 = T 0 m a (s 2 - sO = 298.15 x 0.0643 [7.3869 - 6.8631 

- 0.287 In (700/110)] = -0.14 kJ 

l W 2,tot = 1Q2 - m a(u 2 - Ui) 

= -0.14 - 0.0643 x (359.844 - 213.037) = -9.58 kJ 

This is identical to the reversible work in Eq.8.17 (Tj = T 0 ). 
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8.129 

A rigid container with volume 200 L is divided into two equal volumes by a 
partition. Both sides contains nitrogen, one side is at 2 MPa, 300°C, and the other 
at 1 MPa, 50°C. The partition ruptures, and the nitrogen comes to a uniform state 
at 100°C. Assuming the surroundings are at 25 °C find the actual heat transfer and 
the irreversibility in the process. 

Solution: 

C.V. Total container 

Continuity Eq.: m 2 -m A -m B =0 

Energy Eq.: m A (u 2 - u^ + m B (u 2 - Ul ) B = ,Q 2 - ,W 2 


Entropy Eq.: m A (s 2 - Sj) A + m B (s 2 - s x ) B = !Q 2 /T sur + jS s gen 

Process: V = C => jW 2 = 0 


From the initial state we get the mass as 


PaiV a 


m 2 = m A + m B = 


+ 


At 


Pbi^b 
RT, 


2000x0. 1 


B1 

1000x0.1 


+ 


0.2968x573.15 0.2968x323.15 


= 1.176+ 1.043 = 2.219 kg 


P 2 = m 2 RT 2 /V tot = 2.219 x 0.2968 x 373.15/0.2 = 1228.8 kPa 
From the energy equation we get the heat transfer as the change in U 
tQ 2 = m AC v (T2 - T : ) a + m B C v (T 2 - Tj) b 

= 1.176 x 0.745 x (100 - 300) + 1.043 x 0.745 x (100 - 50) 

= -136.4 kj 

The entropy changes are found from Eq.8.16 

373 15 1228 8 

(s 2 - S!) A = 1.042 x l n 573 15 - 0.2968 x In 2000 = "0-09356 kJ/kg K 

373 15 1228 8 

(s 2 - s l ) B = 1.042 x l n 323 15 ' 0.2968 x In | qqq = 0.0887 kJ/kg K 

The entropy generation follows from the entropy equation 

iS 2 gen = 1.176x (-0.09356) + 1.043x 0.0887 + 136.4/298.15 = 0.4396 kJ/K 

Now the irreversibility comes from Eq. 10.13 

1^2 = Tq x 1$2, gen = 131.08 kj 
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8.130 

Consider the irreversible process in Problem 6.182. Assume that the process could 
be done reversibly by adding heat engines/pumps between tanks A and B and the 
cylinder. The total system is insulated, so there is no heat transfer to or from the 
ambient. Find the final state, the work given out to the piston and the total work to 
or from the heat engines/pumps. 

C.V. Water m A + m B + heat engines. No Qextemal, only iW 2 cyl + W HE 
Continuity Eq.: m 2 = m A1 + m B1 = 6 kg, 

Energy Eq.: m 2 u 2 - m A1 u A1 - m B1 u B1 = -,W 2 cyl - W HE 

Entropy Eq.: m 2 s 2 - m A1 s A1 - m B1 s B1 = 0 + 0 

v A1 = 0.06283 m 3 /kg, u A1 = 3448.5 kJ/kg, s A] = 7.3476 kJ/kg-K, 
v B1 = 0.09053 m 3 /kg, u B1 = 2843.7 kJ/kg, s B1 = 6.7428 kJ/kg-K 
V A = m A1 v A1 = 0.2513 m 3 ; V B = m B1 v B1 = 0.1811m 3 
m 2 s 2 = 4x7.3476 + 2x6.7428 = 42.876 kJ/K => s 2 = 7.146 kJ/kg K 
IfP2<Ptift = 1.4 MPa then 

V 2 . = V A + V B = 0.4324 m 3 , v 2 . = 0.07207 m 3 /kg 
(Plift , s 2 ) => v 2 = 0.20135 => V 2 = 1.208 m 3 > V 2 , OK 

=> P 2 = PH* = 1.4 MPa u 2 = 2874.2 kJ/kg 
t w 2,cyi = p iift( v 2 - v a - Vg) = 1400x( 1.208 - 0.4324) = 1085.84 kj 

W HE = m Al u Al + m B 1 U B 1 ‘ m 2 u 2 " l W 2,cyl 

= 4 x 3447.8 + 2 x 2843.7 - 6 x 2874.2 - 1085.84 = 1147.6 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


8.131 

Consider the heat engine in Problem 8.111. The exit temperature was given as 
800 K, but what are the theoretical limits for this temperature? Find the lowest 
and the highest, assuming the heat transfers are as given. For each case give the 
first and second law efficiency. 

The lowest exhaust temperature will occur when the maximum amount of work 
is delivered which is a reversible process. Assume no other heat transfers then 

Energy Eq.: 0 = h ; + q 1500 - q V50 - h e - w 

Entropy Eq.: 0 = s { + q H /T H + 0 - s e - q m /T m 


S e - Si = q H /T H - q m /T m = STe - Sti - R ln(P e /Pi) 
s Te = s Ti + R ln(P e /P,) + q H /T H - q m /T m 

= 6.86926 + 0.287 ln( 100/1 00) + 1200/1500 - 300/750 
= 7.26926 kJ/kg K 

Table A.7.1 => T e min = 446K, h e = 447.9 kJ/kg 

w re V = ^ + qisoo ' 9750 ' h e = 300.47 + 1200 - 300 - 447.9 
= 752.57 kJ/kg 


w rev 752.57 

n ™ ■ q, 5 o<r 1200 


0.627 


The second law efficiency measures the work relative to the source of exergy and 
not 91500- So 


^rev 752.57 752.57 

11n_ (1- T o /T H )q 1500 “ (1 - 300/1500)1200 “ 960 


0.784 


Comment: This measure places zero value of the loss at 750 K, zero exergy 

value for the two flow terms. 

The maximum exhaust temperature occurs with no work out 

h e = hi + q H - q m => h e = 300.473 + 1200 - 300 = 1200.5 kJ/kg 
Table A.7.1 => T e max = 1134 K 

Now: w ac = 0 so r|j = r| jj = 0 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


8.132 

A small air gun has 1 cm 3 air at 250 kPa, 27°C. The piston is a bullet of mass 20 
g. What is the potential highest velocity with which the bullet can leave? 

Solution: 

The exergy of the air can give the bullet kinetic energy expressed in the exergy 
change Eq.8.28 (no heat transfer and reversible), 

®2-®i = m ( u 2 - u x ) + P 0 (v 2 - Vi) - mT 0 (s 2 - Sj) = - jW 2 + P 0 (V 2 - V x ) 

250 x 1 x 10- 6 a 

Ideal gas so: m = PV/RT = n = 2.9 x 10 6 kg 

& 0.287 x 300 & 

The second state with the lowest exergy to give maximum velocity is the dead 
state and we take T 0 = 20°C. Now solve for the exergy change 

® 2 -®i = -m(u 2 - Ui) + mT 0 (s 2 - Sj) 

T P 

= mC v (T ! - T 2 ) + mT 0 [ C p ln(^r) - R ln(^) ] 

= 2.9 x 10' 6 [ 0.717(27 - 20) + 293.15 (1.004 ln|||- 0.287 ln^j)] 

= 0.0002180 kJ = 0.218 J = \ m bullet vf x 

V ex = a/ 2 x 0.218/0.020 = 4.67 m/s 

Comment: Notice that an isentropic expansion from 250 kPa to 100 kPa will give 
the final air temperature as 230.9 K but less work out. The above process is not 
adiabatic but Q is transferred from ambient at T 0 . 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


8.133 

Consider the nozzle in Problem 7.154. What is the second law efficiency for the 
nozzle? 

A nozzle in a high pressure liquid water sprayer has an area of 0.5 cm . It receives 
water at 350 kPa, 20°C and the exit pressure is 100 kPa. Neglect the inlet kinetic 
energy and assume a nozzle isentropic efficiency of 85%. Find the ideal nozzle 
exit velocity and the actual nozzle mass flow rate. 

Solution: 

C.V. Nozzle. Liquid water is incompressible v « constant, no work, no heat 
transfer => Bernoulli Eq.7. 17 

- 0 = v(Pj - P e ) = 0.001002 ( 350 - 100) = 0.2505 kJ/kg 

V ex = \j2 x 0.2505 x 1000 J/kg = 22.38 m s' 1 
This was the ideal nozzle now we can do the actual nozzle, Eq. 7.30 

2 V ex ac = B | v ex = °' 85 x 0.2505 = 0.2129 kJ/k § 


The second law efficiency is the actual nozzle compared to a reversible 
process between the inlet and actual exit state. However no work so the 
reversible exit state (with P e , T ex ac ) then must have the reversible possible 

kinetic energy. 

1 2 

Energy actual nozzle: hj + 0 = h e + yV ex ac same Z, no q and no w. 


The reversible process has zero change in exergies from Eq.8.38 as 


-V 2 -T s 

2 ex rev A o^e 


Vi = Ve = h i + 0 - T o s i = h e + 7 V 

1 2 1 2 

-V = h- - h + T (s - s ) = “V 

2 ex rev 1 e o V^e 2 ex ac 


o ^gen 


We can not get properties for these states accurately enough by interpolation 
so use constant specific heat and incompressibility. 

1 2 1 2 
hex ac = hj - 2^ex ac = u ex ac Pe v = u i ^i v “ 2^ex ac 


U 


ex ac 


T 


- Ui = P iV - P e v - |v 2 x ac = C(T ex ac - Tj) 
= Tj + (P iV - P e v - yV 2 . ar )/C 


ex ac A i ■ i * A e ¥ 2 ex ac 

= 20 + [(350 - 100) 0.001002 - 0.2129] / 4.18 = 20.01°C 


2^exrev ” 2^ex ac + s gen “ 0.2129 + 293.15 x 4.18 In 293. 15 
= 0.2547 kJ/kg 

ri n = 0.2129/0.2547 = 0.84 
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8.134 

Consider the light bulb in Problem 6.189. What are the fluxes of exergy at the 
various locations mentioned? What are the exergy destruction in the filament, the 
entire bulb including the glass and the entire room including the bulb? The light 
does not affect the gas or the glass in the bulb but it gets absorbed on the room 
walls. 

A small halogen light bulb receives an electrical power of 50 W. The small 
filament is at 1000 K and gives out 20% of the power as light and the rest as heat 
transfer to the gas, which is at 500 K; the glass is at 400 K. All the power is 

absorbed by the room walls at 25°C. Find the rate of generation of entropy in the 
filament, in the total bulb including glass and the total room including bulb. 


Solution: 


W el = 50 W 


Qrad = 10 W 



Qcond - 40 w 


We will assume steady state and no storage in the bulb, air or room walls. 
C.V. Filament steady-state 

Energy Eq.3.3: dE CA ./dt = 0 = W el - Q RAD - QcOND 


Entropy Eq.6.42: 


dS c v /dt = 0 = - 


Qrad 

t fila 


Qcond • 
Tfila gen 


i - T oS g en - (Qrad + Qcond) t f1la - T °T FILA - 298 1000 “ 14,9 W 
C.V. Bulb including glass 

Qrad leaves at 1000 K Qcond leaves at 400 K 

I = T oSgen = Tj dQ/T = 298[-(- 10/1000) - (-40/400)] = 32.8 W 


C.V. Total room. All energy leaves at 25 °C 

Eq.3.3: dE c v /dt = 0 = W el - Qrad ~ Qcond 

Qtot 

Eq.6.42: dS c v /dt = 0 = - ^ + S„ en 

I wall g 
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Qtot 


I - T 0 S gen - T 0 T - 298 

g 1 WALL 


50 


25+273 


= 50 W 


Since the room is at T 0 then all the incoming exergy is destroyed. 


Flux into filament: Flux = W el = 50 W 


T 


• • A O 

Flux leaving the filament: Flux = (Qrad + QcondXI ~ t ) 

1 T7TT A 


FILA 

= 50 W- 14.9 W = 35.1 W 

T T 

Flux leaving the glass: Flux = Qrad(1 “ t ) + Qcond(1 _ t ) 

i FILA 1 glass 

298 298 

= 10x(1 -T000 )W + 40x(1 -400 )W 
= 7.02 W + 10.2 W = 17.22 W 
Flux at walls: Flux = 0 (wall is at T 0 ) 
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8.135 

Air in a piston/cylinder arrangement, shown in Fig. P8.135, is at 200 kPa, 300 K 

with a volume of 0.5 m . If the piston is at the stops, the volume is 1 m and a 
pressure of 400 kPa is required. The air is then heated from the initial state to 
1500 K by a 1700 K reservoir. Find the total irreversibility in the process 
assuming surroundings are at 20°C. 


Solution: 

Energy Eq.: 

Entropy Eq,: 

Process: 

Information: 

Eq. of state 


m(u 2 - Uj) = jQ 2 - ,W 2 
m (s 2 -si) = / dQ/T + 1 S 2gen 
P = P 0 + a(V-V 0 ) if V < Vstop 
Pstop — P() a d V s t op -V 0 ) 

T s top = TiP s topV sU) p/P 1 V| = 1200 < T 2 
So the piston will hit the stops => V 2 = V stop 

P 2 = (T 2 /T stop ) P stop = (1500/1200) 400 = 500 kPa 


= 2.5 P 


State 1: 

PiVj 

m 2 = m l =^“ 

200x0,5 
“ 0.287 x 300 
= 1.161kg 



,W 2 = ^(P, + P stop )(V stop - = ±(200 + 400)(1 - 0.5) = 150 kl 

: Q 2 = m(u 2 - u x ) + ,W 2 = 1.161(1205.25 - 214.36) + 150 = 1301 kJ 

s 2 - sj = St 2 - Sji -Rln(P 2 /P 1 ) = 8.6121 - 6.8693 - 0.287 In 2.5 = 1.48 kJ/kg K 
Take control volume as total out to reservoir at T RES 

l S 2gentot= m ( s 2- s 2)- iQ2 /t res = L161 x 1 -48 - 1301/1700 = 0.953 kJ/K 
,I 2 = T 0 ( 1 S 2 gen ) = 293.15 x 0.953 = 279 kJ 
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8.136 

Air enters a steady-flow turbine at 1600 K and exhausts to the atmosphere at 1000 
K. The second law efficiency is 85%. What is the turbine inlet pressure? 

C.V.: Turbine, exits to atmosphere so assume P e = 100 kPa 

Inlet: T, = 1600 K, Table A.7: hj = 1757.3 kJ/kg, s° = 8. 69051 kJ/kg K 

Exit: T e = 1000 K, h e = 1046.2 kJ/kg, s° = 8. 13493 kJ/kg K 
Energy Eq.: q + fq = h e + w; q = 0 => w = (hj - h e ) = 711.1 kJ/kg 

Second law efficiency expresses work as a fraction of exergy change 
¥i ' ¥e = w/pn = 711.11/0.85 = 836.6 kJ/kg = (hj - h e ) - T 0 (Sj - s e ) 

hj - h e = w = 711.11 kJ/kg, assume T 0 = 25°C -> 

Sj - s e = (711.11 - 836.6) / 298.15 = -0.420896 kJ/kg-K 

s i - s e = s° - s° - R InfPj/Pg) = -0.4209 kJ/kg K 
=> R ln( Pi/P e ) = 8.69051 - 8.13493 + 0.420896 = 0.976476 kJ/kg-K 
Pi/P e = 30.035 ; P ; = 3003 kPa 
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8.137 

A 1 kg rigid steel tank contains 1.2 kg of R-134a at 20°C and 500 kPa. Now the 

set-up is placed in a freezer that brings it to -20°C. The freezer operates in a 20°C 
kitchen and has a coefficient of performance that is half that of a Carnot 
refrigerator. Find the heat transfer out of the R-134a, the extra work input to the 
refrigerator due to this process and the total irreversibility including the 
refrigerator. 


C.V. The R-134a and the steel. 
Energy Eq.: 

Entropy Eq, 

Process: 

State 1: 

State 2: 


m R (u 2 - Uj) R + m st (u 2 - uj) st = ,Q 2 - ,W 2 
m R(s 2 - Si)r + m st (s 2 - s,) st = / dQ/T + { S 2 gen 
V = C so jW 2 = 0 

v, = 0.04226 m 3 /kg, Ul = 390.52 kJ/kg, Sl = 1.7342 kJ/kg-K 
v 2 = v l5 -20°C => 2 phase state 

X 2 = (v 2 - v f )/v fg = (0.04226 - 0.000738)/0. 14576 = 0.28486 
u 2 = 173.65 + x 2 x 192.85 = 228.59 kJ/kg, 
s 2 = 0.9007 + x 2 x 0.8388 = 1.13964 kJ/kg-K 
iQ 2 = m R (u 2 - Ul ) R + m st (u 2 - Ul ) st 

= 1.2 (228.59 - 390.52) + 1 x 0.46(-20 - 20) = -212.7 kj 


T 


L 


Refrigerator: [) = 0.5 P Carnot = 0-5 j = 0.5 


253.15 


= 3.164 


H - T l “ 20 - (-20) 

W ref = Q L /p = 212.7 kJ/ 3.164 = 67.23 kj 


C.V. Total inch refrigerator. Storage effect in R-134a and steel, otherwise transfer 
terms. 

Energy Eq.: m R (u 2 - Uj) R + m st (u 2 - u^ = W ref - Q H 

Entropy Eq,: m R (s 2 - s,) R + m st (s 2 - s,) sl = - Q H /T 0 + ,S 2 gen 
Q h = W ref - m(u 2 - Uj) = 67.23 - (-212.7) = 279.93 kj 

Qh 

1$2 gen = m R( s 2 _ s i)r + m st( s 2 ~ S l)st + 

253 15 279 93 

= 1.2(1.13964-1.7342) + 1 x 0.46 ln ( 29 3 1 5 ) + 293 15 

= - 0.713472 - 0.06748 + 0.954904 = 0.17395 kJ/K 
i! 2 = T 0 (jS 2 gen ) = 293.15 x 0.17395 = 50.99 kj 
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8.138 

A piston/cylinder arrangement has a load on the piston so it maintains constant 
pressure. It contains 1 kg of steam at 500 kPa, 50% quality. Heat from a reservoir 
at 700°C brings the steam to 600°C. Find the second-law efficiency for this 
process. Note that no formula is given for this particular case so determine a 
reasonable expression for it. 

Solution: 

1: Table B. 1.2 P l ,x l => w l = 0.001093 + 0.5x0.3738 = 0.188 m 3 /kg, 
h, = 640.21 + 0.5x2108.47 = 1694.5 kJ/kg, 


Si = 1.8606 + 0.5x4.9606 = 4.341 kJ/kg K 
2: P 2 = Pj,T 2 => v 2 = 0.8041, h 2 = 3701.7 kJ/kg, s 2 = 8.3521 kJ/kg K 
Energy Eq.: m(u 2 - u : ) = ,Q 2 - ,W 2 = ,Q 2 - P(V 2 - Vj) 

jQ 2 = m(u 2 - Uj) + Pm(v 2 - Vj) = m(h 2 - hj) = 2007.2 kJ 
jW 2 = Pm(v 2 - vj) = 308.05 kJ 

1 W 2 to atm = Po m ( v 2 - Vj) = 61.61 kJ 
Useful work out = 1 W 2 - jW 2 to atm = 246.44 kJ 


(* 298.15' 

^^reservoir — (1 " P(/T res ) 1 Q 2 — 1 913 15 

Tin = W net /A<|) = 0.177 


2007.2 = 1392.2 kJ 


Remark: You could argue that the stored exergy (exergy) should be 
accounted for in the second law efficiency, but it is not available from this 
device alone. 
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8.139 

A jet of air at 200 m/s flows at 25°C, 100 kPa towards a wall where the jet flow 
stagnates and leaves at very low velocity. Consider the process to be adiabatic and 
reversible. Use the exergy equation and the second law to find the stagnation 
temperature and pressure. 

Solution: 

C.V. From free flow to stagnation point. Reversible adiabatic steady flow. 


Exergy Eq.8.38: 
Entropy Eq.: 
Process: 


0 = imj/i - m\|/ e - O destr 

• • f • • • • 

0 = msj - ms e + J mdq/T + ms„ en = msj - ms e + 0 + 0 


Reversible ® destr = 0, s gen = 0, adiabatic q = 0 

1 2 

From exergy Eq.: \)/ e - \|q = 0 = h e - T 0 s e - hj + T 0 Sj - 

From entropy Eq.: s e = S; , so entropy terms drop out 


— ’ 

Exergy eq. now leads to: 

1 200 2 J/kg 


h e = h,+jvf => T e = T i + jvf/C p 


T e - 25 + 2 1004 J/kg " K - 44.92°c 


Eq.8.23: 


(213 + 44.92 


p e =Pi(T e /T e r 1 

= 100 

V 

273 +25 J 

State i is the free 
stream state. # 


c=47 

i 

State e is the 
stagnation state. 



1.4/ 0.4 


= 125.4 kPa 




cb 
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8.43 Solved using the isentropic P r function in A.7.2 

An air compressor receives atmospheric air at T 0 = 17°C, 100 kPa, and 

compresses it up to 1400 kPa. The compressor has an isentropic efficiency of 88% 
and it loses energy by heat transfer to the atmosphere as 10% of the isentropic 
work. Find the actual exit temperature and the reversible work. 

C.V. Compressor 

Isentropic: w cins = h es -h i ; s efi = s i 

Table A.7: P re s = P ri x (P e /Pj) = 0.9917 x 14 = 13.884 

=> h es = 617.51 kJ/kg 
w c,in,s = 617.51 - 290 - 58 = 326 - 93 kJ/kg 
Actual: w c in ac = w c in s /ri c = 371.51 ; q loss = 32.693 kJ/kg 
Wc,in,ac ^ — h e ac + qj oss 

=> h e ac = 290.58 + 371.51 - 32.693 = 629.4 kJ/kg 
=> T e ac = 621 K 

Reversible: w rev = h ; - h e ac + T 0 (s e ac - Sj) 

= 290.58 - 629.4 + 290.15 x (7.6121 - 6.8357) 

= -338.82 + 225.42 = -113.4 kJ/kg 

Since q loss is also to the atmosphere the above term is the net heat transfer and 
the reversible work requires the heat transfer to be reversible. 
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8.69 Solved using the isentropic P r function in A.7.2 

An air compressor is used to charge an initially empty 200-L tank with air up to 5 
MPa. The air inlet to the compressor is at 100 kPa, 17°C and the compressor 
isentropic efficiency is 80%. Find the total compressor work and the change in 
exergy of the air. 

Solution: 

C.V. Tank + compressor Transient process with constant inlet conditions, no 
heat transfer. 

Continuity: m 2 - mj = m in ( mj = 0 ) Energy: m 2 u 2 = m in h in - jW 2 

Entropy: m 2 s 2 = m in s in + ,S 2 gen 

Reversible compressor: jS 2 GEN = 0 => s 2 = s in 

State 1: Vj = RT 1 /P 1 = 0.8323 m 3 /kg, 


State inlet, Table A. 7.1: h in = 290.43 kJ/kg, s Ein = 6.8352 kJ/kg K 
Table A.7.2 P rin = 0.9899 used for constant s process 
Table A.7.2 => P r2 = P rin (P 2 /P in ) = 0.9899 x (5000/100) = 49.495 
=> T 2 s = 855 K, u 2 s = 637.2 kJ/kg 
=> jw 2 >s = h in - u 2fS = 290.43 - 637.2 = -346.77 kJ/kg 
Actual compressor: jw 2 AC = iW 2 s /r| c = -433.46 kJ/kg 
u 2 ,AC = hm - 1W2.AC = 290.43 - (-433.46) = 723.89 kJ/kg 

Backinterpolate in Table A. 7.1 => T 2 AC = 958 K, s E2 AC = 8.0867 kJ/kg K 

=> v 2 = RT 2 /P 2 = 0.055 m 3 /kg 


State 2 u, P 


m 2 = V 2 /v 2 = 3.636 kg => ,W 2 = m 2 ( 1 w 2 AC ) = -1576 kj 


m 2 (4> 2 - 4>i) = m 2 [u 2 - uj + P 0 (v 2 - vj) - T 0 (s 2 - Sj)] 

= 3.636 [723.89 - 207.19 + 100(0.055 - 0.8323) - 290[8.0867 - 
6.8352 - 0.287 ln(5000/100)] = 1460.3 kj 


Here we used Eq.6.19 for the change in entropy. 
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Exergy, Reversible work 
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8.140 

A control mass gives out 1000 Btu of energy in the form of 

a. Electrical work from a battery 

b. Mechanical work from a spring 

c. Heat transfer at 700 F 

Find the change in exergy of the control mass for each of the three cases. 


Solution: 

a) Work is exergy 

b) Work is exergy 

c) Give the heat transfer to a Carnot heat engine and W is exergy 


AO = -W el = -1000 Btu 
AO = -W snrill!J = -1000 Btu 



r v 


f 537 \ 

AO = - 

1 rp 

k 

Qout 

l 1 ~ 1160j 


1000 Btu = -537 Btu 
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8.141 

A fraction of some power to a motor (1), 2 kW, is turned into heat transfer at 800 
R (2) and then it dissipates in the ambient at 540 R (3). Give the rates of exergy along the 
process 1-2-3. 


Solution: 

The exergy of an amount of heat transfer equals the possible work that can be 
extracted. This is the work out of a Carnot heat engine with heat transfer to the 
ambient as the other reservoir. The result is from Chapter 5 as also shown in Eq. 
8.1 and Eq. 8.38 


1: <d = W = 2 kW = 1.896 Btu/s 

2: 6 = W revHE = (1 - ^)Q = C 1 - ) 2 kw = 0.65 kW = 0.616 Btu/s 

3: 6 = W revHE = (l-^)Q = (l-|^)2kW = 0kW = 0Btu/s 

As the energy transforms from wotrk to heat transfer it loses exergy and as the 
heat transfer goes to lower and lower T its exergy value drops ending as zero at 
the ambient T. 
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8.142 

A refrigerator should remove 1.5 Btu/s from the cold space at 15 F while it rejects 
heat to the kitchen at 77 F. Find the reversible work. 


The reversible work is related to the Carnot cycle work as the the two 
reservoirs are at constant temperatures. 


W = Q L / p ; 


P = Ql/W carnot = 


T L 

t h -t l 


15 + 459.7 
77-15 


7.65 


In general we have defined the reversible work with the standard sign 
definition 


• rev • I 

W =-Q L /p = -- 


1A_ 

65 


Btu/s = -0.2 Btu/s 
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8.143 

A heat engine receives 15 000 btu/h at 1400 R and 30 000 btu/h at 1800 R rejecting 
energy by heat transfer at 900 R. Assume it is reversible and find the power output. How 
much power could be produced if it could reject energy at T 0 = 540 R? 

Solution: 

C.V. The heat engine, this is in steady state. (*) 2 

Energy Eq.: 0 = Qi + Q 2 -Ql-W 

Ql Q 2 Ql 

Entropy Eq.: 0 = + — - =— + 0 

M 1 2 X L 

Now solve for Q L from the entropy equation 

T L • t l • 900 900 

Ql = Qi + Q 2 = Y 400 x ^ 000 + JgQQ x 30 000 = 24 643 Btu/h 

Substitue into the enrgy equation and solve for the work term 

W = Q : + Q 2 - Q L = 15 000 +30 000 - 24 643 = 20 357 Btu/h 
For a low temperature of 540 R we can get 

540 • 

Ql 2 = 900 Ql = 14 786 btu/h 

W = Q : + Q 2 - Q l = 15 000 + 30 000 - 14 786 = 30 214 Btu/h 



Remark: Notice the large increase in the power output. 
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8.144 

2 

The compressor in a refrigerator takes refrigerant R-134a in at 15 lbf/in. , 0 F and 

compresses it to 125 lbf/in. , 100 F. With the room at 70 F find the reversible heat 
transfer and the minimum compressor work. 

Solution: 


1 

C.V. Compressor out to ambient. Minimum work in 
is the reversible work. 

Steady flow, 1 inlet and 2 exit 

Energy Eq.: w c = hq - h 2 + q rev 

Entropy Eq.: 82 = 8 ! + Jdq/T + s gen = s, + q rev /T 0 + 0 

=> q rev = T 0 (s 2 — Sl ) 

q rev = 529.67 R x (0.41262 - 0.42288) Btu/lbm-R = -5.43 Btu/lbm 
w cmin = hi - h 2 + T 0 (s 2 - Sj) = 167.193 - 181.059 - 5.43 = -19.3 Btu/lbm 
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8.145 

A compressor in a refrigerator receives R-410A at 20 psia, -40 F and it brings it 
up to 100 psia, using an actual specific work of 23.48 Btu/lbm in an adiabatic 
compression. Find the specific reversible work. 

Energy Eq.: 0 = h ] - h 2 - w 

State 1: F.9.2 h, = 113.73 Btu/lbm, s 2 = 0.2772 Btu/lbm-R 
h 2 = h : - w = 113.73 + 23.48 = 137.21 kJ/kg 
State 2: F.9.2 P, h 2 = 137.21 Btu/lbm, T 2 = 100 F, s 2 = 0.2840 Btu/lbm-R 

w rev = ^ ! - ^ 2 = h : - h 2 - T 0 (S! - s 2 ) 

= 113.73 - 137.21 - 536.7 (0.2772 - 0.2840) 

= -23.48 + 3.65 = -19.83 Btu/lbm 
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Air flows through a constant pressure heating device as shown in Fig. P8.27. It is 
heated up in a reversible process with a work input of 85 Btu/lbm air flowing. The device 

exchanges heat with the ambient at 540 R. The air enters at 540 R, 60 lbf/in. . Assuming 
constant specific heat develop an expression for the exit temperature and solve for it. 


C.V. Total out to T 0 


Energy Eq.: hj + qJ’P' - w rev = h 2 

Entropy Eq.: Sj + qo V /T 0 = s 2 => q r 0 ev = T 0 (s 2 - s,) 

h 2 - hj = T 0 (s 2 - s,) - w rev (same as from Eq. 8.14) 

Constant C p gives: C p (T 2 - Tj) = T 0 C p In (T 2 /Tj) + 85 
The energy equation becomes 

T 2 - T 0 lnfT./Tj) = Tj + 85/C p 
T j = 540 R, C p = 0.24 Btu/lbm R, T 0 = 540 R 

T 2 - 540 In (T 2 /540) = 540 + (85/0.24) = 894.17 R 


Now trial and error on T 2 

At 1400 R LHS = 885.56 R(too low) 

At 1420 R LHS = 897.9 R 

Interpolate to get T 2 = 1414 R (LHS = 894.19 R OK) 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


8.147 

An adiabatic and reversible air compressor takes air in at 15 psia, 560 R. The air 
exits at 90 psia at the rate of 0.8 lbm/s. Determine the minimum compressor work input 
and repeat for an inlet at 530 R instead. Why is the work less for a lower inlet 77 

Compressor. Reversible adiabatic, constant s: 

/ P 2\1T /90\0.2857 

Inlet at 560 R: T 2S = Tj = 560 R = 934.3 R 

The reversible process ensures the minimum work input. 


W = m(-w s ) = mC P0 ( T 2S - Tj) = 0.8 x 0.24 (934.3 - 560) 

= 71.86 Btu/s 


Inlet at 530 R: 



90X0.2857 

75 / 


= 884.3 R 


W = m(-w s ) = mC P0 ( T 2S - Tj) = 0.8 x 0.24 (884.3 - 530) 

= 68.0 Btu/s 


The work term is reduced due to the reduced specific volume, Vj, recall Eq. 7.15 
for the indicated shaft work. 
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A rock bed consists of 12 000 lbm granite and is at 160 F. A small house with 
lumped mass of 24 000 lbm wood and 2000 lbm iron is at 60 F. They are now brought to 
a uniform final temperature with no external heat transfer by connecting the house and 
rock bed through some heat engines. If the process is reversible, find the final temperature 
and the work done during the process. 

Take C.V. Total (rockbed and heat engine) 

Energy Eq.: m rock (u 2 - u , ) + m wood (u 2 - u , ) + m Fe (u 2 - u , ) = -,W 2 

Entropy Eq.: m rock (s 2 - s,) + m wood (s 2 - s , ) + m Fe (s 2 - s , ) = 0 

T 2 T 2 Tt 

(mC) rock ln + (mC) wood ln + (mC) Fe ln ^r= 0 

12000 x 0.212 In (T 2 /619.67) + 24000 x 0.33 In (T 2 /5 19.67) 

+ 2000 x 0.11 In (T 2 /5 19.67) = 0 

=> T 2 = 541.9 R 

Now from the energy equation 

-jW 2 = 12 000 x 0.212(541.9 - 619.67) 

+ (24 000 x 0.33 + 2000 x 0.11)(541.9 - 519.67) 

=> jW 2 = 16 895 Btu 
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A basement is flooded with 250 ft of water at 60 F. It is pumped out with a small 
pump driven by a 0.75 kW electric motor. The hose can reach 25 ft vertically up and to 
ensure the water can flow over the edge of a dike it should have a velocity of 45 ft/s at 
that point generated by a nozzle, see Fig. P8.34. Find the maximum flow rate you can get 
and how fast the basement can be emptied. 

C.V. Pump plus hose and nozzle, single steady state flow. For maximum flow rate 
assume reversible process so from Eq.8.14: 

w rev = T 0 (s 2 - s,) - (h 2 tot - hi tot ) + 0 


Since we have no heat transfer and reversible s is constant and with a liquid flow 
T is also constant so h 2 = tq. We could also have used Bernoulli equation. 

w rev = - (|v 2 + gH - 0) = -( 1 45725 037 + 1 x 25/778 ) 

= -(0.04044 + 0.032134) = - 0.07257 Btu/lbm 
Recall 1 Btu/lbm = 25 037 ft7s 2 from conversion in Table A.l 


• • (0.75/1.055) Btu/s 

m - W/ (-w ) - 0.07257 Btu/lbm 


= 9.796 lbm/s 


m = V/v = 250 ft 3 / 0.01603 ft 3 /lbm = 15 596 lbm 


, • 15 596 lbm 

At - m / m - 9jg6 lbm/s 


1592 sec = 26.5 min. 
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A heat engine receives 3500 Btu/h heat transfer at 1800 R and gives out 2000 
Btu/h as work with the rest as heat transfer to the ambient. What are the fluxes of exergy 
in and out? 


Exergy flux in: = 


• 

H 

o 

• 

f 536.73 

II 

X 

© 

l-T 

Qh = 

1800 ) 


3500 Btu/h = 2456 btu/h 


Exergy flux out: 


r 


® L = 


T„3 


1 - 


o 


V 


T 


L) 


Ql = o 



• • 

The other exergy flux out is the power ® out = W = 2000 Btu/h 


\ 1800 R / 

\ 1800 R / 

^ Q h = 3500 Btu/h 

fy <h H = 2456 Btu/h 
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A flow of air at 150 psia, 540 R is throttled to 75 psia. What is the irreversibility? 
What is the drop in flow exergy assuming an ambient at 77 F? 

A throttle process is constant enthalpy if we neglect kinetic energies. 


Process: h e = hj so ideal gas => T e = T- 

P P 

oo L e L e 

Entropy Eq.: s e - Sj = s gen = s Te - s Ti - R In ^7 = 0 - R In ^7 

53.34 75 

s gen = - 77 g In (j^q) = 0.0475 Btu/lbm R 
Eq.8.15: i = T 0 s gen = 536.7 x 0.0475 = 25.49 Btu/lbm 


The drop in exergy is exergy destruction, which is the irreversibility 

Av| / = i = 25.49 Btu/lbm 
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A compressor in a refrigerator receives R-410A at 20 psia, -40 F and it brings it 
up to 100 psia, 100 F in an adiabatic compression. Find the specific work, entropy 
generation and irreversibility. 

States: 1: F.9.2 hj = 113.73 Btu/lbm, sj = 0.2772 Btu/lbm-R 

2: F.9.2 h 2 = 137.21 Btu/lbm, s 2 = 0.2840 Btu/lbm-R 


C.V. Compressor, steady state, q = 0, no KE, PE energies. 

Energy Eq.: w = fq - h 2 = 113.73 - 137.21 = -23.48 Btu/lbm 

Entropy Eq.: 0 = si~s 2 + s gen ■=> 

Sgen = s 2 -s, = 0.2840 - 0.2772 = 0.0068 Btu/lbm-R 
Irreversibility: i = T 0 s gen = 536.7 R x 0.0068 Btu/lbm-R = 3.65 Btu/lbm 
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A constant pressure piston/cylinder contains 4 lbm of water at 1000 psia and 200 
F. Heat is added from a reservoir at 1200 F to the water until it reaches 1200 F. We want 
to find the total irreversibility in the process. 


Solution: 

C.V. Piston cylinder out to the reservoir (inch the walls). 


Energy Eq.: m(u 2 - uj) = : Q 2 - iW 2 

Entropy Eq. : m(s 2 - s , ) = , Q 2 /T res + , S 2 gen 
State 1: hj = 168.07 Btu/lbm, sj = 0.294 Btu/lbm R 
State 2: h 2 = 1619.67 Btu/lbm, s 2 = 1.726 Btu/lbm R 
Process: P = C => 1 W 2 = P(V 2 -V 1 ) 



From the energy equation we get 

lQ 2 = m(u 2 - uj) + jW 2 = m(h 2 - Iq) 

= 4(1619.67 - 168.07) = 5806.4 Btu 
From the entropy equation we get 

1Q2 5806.4 

1^2 gen _ m ( s 2 " s l) ~ ^ ~ 4(1.726 — 0.294) - ^9 rj + ^200 

rc s 

= 2.2295 Btu/R 

Now the irreversibility is from Eq. 8.18 

,I 2 = m ji 2 = T 0 jS 2 g en = 536.7 R x 2.2295 Btu/R = 1197 Btu 
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A constant “flow” of steel parts 4 lbm/s at 77 F goes into a furnace where they are heat 
treated to 1600 F by a source at an average 2100 R. Find the reversible work and the 
irreversibility in this process? 


Energy Eq.: 0 = m(hj - h e ) + Q 

• • • 

Entropy Eq.: 0 = m(sj - s e ) + Q / T s + S gen 


Q = m(h e - hj) = mCp (T e - Tj) = 4 lbm/s xO.ll Btu/lbm-R xl523 R 
= 670 Btu/s 

S g en = m(s e - sj) - Q / T s = mCp ln(T e /Ti) -Q/T s 

= 4 lbm/s x 0.11 Btu/lbm-R x ln(2060/537) 

-(670/2100) Btu/s-R 

= 0.2725 Btu/s-R 

i = T 0 S gen = 537 R x 0.2725 Btu/s-R = 146.3 Btu/s 

The reversible work is equal to the irreversibility plus the actual work, Eq.8.12 

. rev 

W = I + W ac = I = 146.3 Btu/s 
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A cylinder with a piston restrained by a linear spring contains 4 lbm of carbon 
dioxide at 70 psia, 750 F. It is cooled to 75 F, at which point the pressure is 45 
psia. Find the reversible work and the irreversibility assuming the heat transfer 
is with surroundings at 68 F. 


Linear spring gives 

1 W 2 = /PdV = |(P 1 +P 2 )(V 2 -V 1 ) 

1Q2 = m(u 2 - Uj) + jW 2 
Equation of state: PV = mRT 

State 1: Vj = mRTj/Pj = 4 x 35.1 x 1209.7 /(70 xl44) = 16.849 ft 3 

State 2: V 2 = mRT 2 /P 2 = 4 x 35.1 x 534.7 /(45 xl44) = 11.585 ft 3 

1 t 144 in 2 /ft 2 

iW 2 = ^(70 + 45) psi ( 11.585 - 16.849) ft 3 x 778 lbf _ ft/Btu 

= -56.02 Btu 

Table F.4 at 77 F is C v = 0.156 Btu/lbm-R 

jQ 2 = mC v (T 2 - Tj) + jW 2 = 4x 0.156 (75 - 750) - 56.02 = -477.2 Btu 

!W 2 eV = T 0 (S 2 - S : ) - (U 2 - Uj) + jQ 2 (1 - T 0 /T h ) 

= T 0 m(s 2 - S!) + !W 2 C - ,Q 2 T 0 /T 0 

= T 0 m[C P ln(T 2 / T 2 ) - R ln(P 2 / Pj)] + - jQ 2 

534.7 35.1 45 

= 527.7 x 4 [ 0.201 In ^gg 7 _ 773“ in ] - 56.02 + 477.2 
= -304.3 - 56.02 + 477.2 = 116.9 Btu 
jl 2 = jW 2 eV - jW 2 C = 116.9 - (-56.02) = 172.9 Btu 
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Fresh water can be produced from saltwater by evaporation and subsequent 
condensation. An example is shown in Fig. P8.45 where 300-lbm/s saltwater, state 1, 
comes from the condenser in a large power plant. The water is throttled to the saturated 
pressure in the flash evaporator and the vapor, state 2, is then condensed by cooling with 
sea water. As the evaporation takes place below atmospheric pressure, pumps must bring 
the liquid water flows back up to Pq. Assume that the saltwater has the same properties as 

pure water, the ambient is at 68 F, and that there are no external heat transfers. With the 
states as shown in the table below find the irreversibility in the throttling valve and in the 
condenser. 


State 

1 

2 5 

7 

8 

T[ F] 

86 

77 74 

63 

68 

[Btu/lbm] 

54.08 

1095.1 42.09 

31.08 

36.09 

[Btu/lbm R] 

0.1043 

2.044 0.0821 

0.0613 

0.0708 

C.V. Valve: 

mj = m ex = 

• • 

m 2 + m 3 , 



Energy Eq.: 

hi = h e ; 

Entropy Eq.: 

s i + 

c = S 

°gen 


P 2 = P sat( T 2 = T 3) = 0.4641 psia 
h e = h, => x e = (54.08 - 45.08)/1050.0 = 0.008571 
=> s e = 0.08769 + 0.008571 x 1.9565 = 0.1045 Btu/lbm R 


m 2 = (1 - x e ) mj = (1 - 0.008571) 300 = 297.44 lbm/s 
Sgen = s e - Sj = 0.1045 - 0.1043 = 0.0002 Btu/lbm R 

i = mT 0 s gen = 300 lbm/s x 528 R x 0.0002 Btu/lbm-R = 31.68 Btu/s 

C.V. Condenser. 

• • • • 

Energy Eq.: m 2 h 2 + m 7 h 7 = m 2 h 5 + m 7 h 8 => 

1095.1 -42.09 lbm 

m 7 = m 2 x (h 2 - h 5 )/(h 8 - h 7 ) = 297.44 36 0 9 - 31.08 = 62516 IT 

• • • • • 

Entropy Eq.: m 2 s 2 + m 7 s 7 + S gcn = m 2 s 5 + m 7 s 8 

i = T 0 S gen = T 0 [m 2 (s 5 - s 2 ) + m 7 (s 8 - s 7 )] 

= 528 [297.44(0.0821 - 2.044) + 62516(0.0708 - 0.0613)] 

= 528 x 10.354 = 5467 Btu/s 
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A rock bed consists of 12 000 lbm granite and is at 160 F. A small house with 
lumped mass of 24 000 lbm wood and 2000 lbm iron is at 60 F. They are now brought to 
a uniform final temperature by circulating water between the rock bed and the house. 
Find the final temperature and the irreversibility in the process assuming an ambient at 60 
F. 


C.V. Total Rockbed and house. No work, no Q irreversible process. 


Energy eq.: m rock (u 2 - Uj) + m wood (u 2 - u : ) + m Fe (u 2 - u : ) = 0 

Entropy Eq.: m rock (s 2 - s ,) + m wood (s 2 - s,) + m Fe (s 2 - s ,) = S gen 

T 2 To T 2 

(mC) r ockln + ( mC )wood ln + ( mC )Fe ln = S g en 


Energy eq.: (mC) rock (T 2 - 160) + (mC wood + mC Fe )(T 2 - 60) = 0 

12 000 xO.212 (T 2 - 160) + (24 000 x0.33 + 2000 x0.11)(T 2 - 60) = 0 
2544 (T 2 - 160) + (7920 + 220)(T 2 - 60) = 0 

T 2 = 83.8 F = 543.5 R 

r Y^ ^2 T 2 

Sgen = X m i( s 2 " s i)i = ( m Qro C k ln + (mC) wood ln Tf + (mC) Fe ln 

543 5 543 5 

= 2544 In 619 67 + (7920 + 220) In 5196? = 35.26 Btu/R 


F I 2 = T 0 S gen = 519.67 x 35.26 = 18 324 Btu 
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Air enters the turbocharger compressor of an automotive engine at 14.7 lbf/irr, 90 

F, and exits at 25 lbf/irr, as shown in Fig. P8.51. The air is cooled by 90 F in an 
intercooler before entering the engine. The isentropic efficiency of the compressor is 
75%. Determine the temperature of the air entering the engine and the irreversibility of 
the compression-cooling process. 

Solution: 

a) Compressor. First ideal which is reversible adiabatic, constant s: 

/ p 2\¥ ( 25 \0.286 

T 2 s = Ti j = 550 R = 640.2 R 

-w s = C P0 (T 2s - T,) = 0.24(640.2 - 550) = 21.65 Btu/lbm 
Now the actual compressor 

-w = - w s /r) s = 21.65/0.75 = 28.87 = C P0 (T 2 - Tj) = 0.24(T 2 - 550) 

=> T 2 = 670.3 R 

Cool down 90 F => T 3 = 670.3 - 90 = 580.3 R 
b) Irreversibility from Eq.8.15 with rev. work from Eq.8.14, (q = 0 at Tjj) 

580.3 53.34 25 

s 3 - Si = 0.24 In l n Y 4 T ^7 = ‘0-0235 Btu/lbm R 

i = T(s 3 - Sl ) - (h 3 - hj) - w = T(s 3 - Sl ) - C p (T 3 - Tj) - C P (Tj - T 2 ) 

= 550(-0.0235) - 0.24(-90) = +8.7 Btu/lbm 
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A heat pump has a coefficient of performance of 2 using a power input of 15000 
Btu/h. Its low temperature is T 0 , and the high temperature is 180 F, with ambient at T 0 . 

Find the fluxes of exergy associated with the energy fluxes in and out. 

First let us do the energies in and out 

Qh 

COP = p = — => Q h = P W = 2 x 15 000 Btu/h = 30 000 Btu/h 

W 

Energy Eq. : Q L = Q H - W = 30 000 - 1 5 000 = 1 5 000 Btu/h 


Exergy flux in: = 


f j \ 


1 - 


o 


V 


T 


L) 


Q L = 0 (T l = T 0 ) 


Exergy flux in: 6 W = W = 15 000 Btu/h 


f 


Exergy flux out: = 


1 - 


T cft i ( . 536. 7 A 


V 


T 


H J 


Qh = 


1 - 


V 


639.7 


7 


30 000 = 4830 Btu/h 


Remark: It destroys 15 000 - 4830 = 10 170 Btu/h of exergy. 


\ 180 F / 


ft Q 
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A steady flow device receives R-410A at 125 psia, 100 F, and it exits at 15 psia, 
100 F. Assume a reversible isothermal process. Find the change in specific exergy. 


Solution: 




Inlet Table F.9.2 : hj = 135.96 Btu/lbm, s ; = 0.2763 Btu/lbm R 
Exit Table F.9.2 : h e = 141.10 Btu/lbm, s e = 0.3411 Btu/lbm R 
From Eq.8.23 or flow terms in Eq.8.38 

A^ie = ¥e - ¥i = (he ' h i) " T o(s e ' Si) 

= (141.10 - 135.96) - 536.7 (0.3411 - 0.2763) 

= -29.6 Btu/lbm 

Remark: it is negative due to the pressure loss. 
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Consider the springtime melting of ice in the mountains, which gives cold water 
running in a river at 34 F while the air temperature is 68 F. What is the exergy of the 
water relative to the temperature of the ambient? 

\|/ = hj - h 0 - T 0 (s 1 - s 0 ) flow exergy from Eq.8.22 

Approximate both states as saturated liquid 

V = 1.9973 - 36.088 - 527.67 x (0.00405 - 0.07081) = 1.136 Btu/lbm 

Why is it positive? As the water is brought to 68 F it can be heated with q L 
from a heat engine using q H from atmosphere T H = T 0 thus giving out work. 
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Compressed air for machines and tools in a plant is generated by a central compressor 
receiving air at 15 psia, 540 R, 1 lbin/s delivering it at 90 psia to a buffer tank and a distribution 
pipe. After flowing through the tank and pipe the air is at the ambient 540 R at its point of use. 
Assume a reversible adiabatic compressor and find the compressor exit temperature and the 
increase in air exergy through the compressor. 

C.V. Compressor 

Energy: 0 = h-, - h 2 + w c ; Entropy: 0 = ^ - S 2 + 0 

S 2 — S-, = Sj 2 — Sji — R I n(P 2 /P 1 ) f i nd s° 2 and then T 2 

or with constant specific heat 

/ p 2 \T /90\0.2857 

T 2 = = 540 R (^) = 901 R 

Ex ergy i ncrease through the compressor matches with the compressor work 
¥2 “Vi = (h 2 — h 1 ) - T 0 (s 2 -s 1 ) = h 2 — h 1 = C P (T 2 -T-|) = w c 

= 0.24 Btu/lbm-R (901 - 540 ) R = 86.6 Btu/lbm 
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For the air system in the previous problem find the increase in the air exergy from the 
inlet to the point of use. How much exergy was lost in the flow after the compressor exit? 


From inlet, state 1 to final point of use state 3. 

¥3 - ¥l = ( h 3 - h l) - t o( s 3 - si) = 0 - T 0 [0 - R ln(P 3 /P 1 )] 

= T 0 R ln(P 3 /P 1 ) = 537 R x (53.34/778) Btu/lbm-R x In (90/15) 

= 65.97 Btu/lbm 

Compressor exit, reversible adiabatic, constant s process: s 2 = Sj 

/ p 2 XT' /90\0.2857 

T 2 = T 1 ^ y ) k = 540 R V.p5/ = 901 R 

So then 

Viost = ¥2 ~ ¥3 = ~ (¥3 ~ ¥l) + (¥2 - ¥l) = - (¥3 - ¥l) + h 2 - hi 

= - (¥3 “ ¥1) + C P0 (T 2 - Tj) 

= - 65.97 kJ/kg + 0.24 Btu/lbm-R (901 -540) R 
= 20.67 btu/lbm 
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9 

A geothermal source provides 20 lbm/s of hot water at 80 lbf/in. , 280 F flowing 

into a flash evaporator that separates vapor and liquid at 30 lbf/in. . Find the three fluxes 
of exergy (inlet and two outlets) and the irreversibility rate. 

C.V. Flash evaporator chamber. Steady flow with no work or heat transfer. 


Cont. Eq.: mi = m 2 + riq ; 

• • • 

Energy Eq.: nqfq = m 2 h 2 + 1113113 



Entropy Eq.: nqsi + S gen = m 2 s 2 + 1113 S 3 

Properties from Table F.7.1 

h Q = 45.08, lq = 249.17, h 2 = 1164.3, h 3 = 218.9 Btu/lbm 
s G = 0.08769, s 1 = 0.4098, s 2 = 1.6997, s 3 = 0.36815 Btu/lbm R 

. . hi - h 3 

lq = xh 2 + (1 - x) I 13 => x = m 2 /nq = ^ ^ = 0.03202 

2 3 


m 2 = xmj = 0.64 lbm/s m 3 = (l-x)m 1 = 19.36 lbm/s 

Sgen = 0-64 x 1.6997 + 19.36 x 0.36815 - 20 x 0.4098 = 0.0192 Btu/s-R 
Flow exergy Eq.8.22: x|/ = (h - T 0 s) - (h G - T 0 s 0 ) = h - h G - T 0 (s - s G ) 
xq = 249.17 - 45.08 - 537 x (0.4098 - 0.08769) = 31.117 Btu/lbm 
\|/ 2 = 1164.3 - 45.08 - 537 x (1.6997 - 0.08769) = 253.57 Btu/lbm 
14/3 = 218.9 - -45.08 - 537 x (0.36815 - 0.08769) = 23.21 Btu/lbm 

nq xq = 622.3 Btu/s m 2 \|/ 2 = 162.3 Btu/s nqx^ = 449.3 Btu/s 

Balance of flow terms in Eq.8.38 

• • • • • 

I = nq xq - m 2 x |/ 2 - 1113 x 1/3 = 10.7 Btu/s ( = T 0 S gen ) 
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An air compressor is used to charge an initially empty 7-ft tank with air up to 750 

lbf/in. . The air inlet to the compressor is at 14.7 lbf/in. , 60 F and the compressor 
isentropic efficiency is 80%. Find the total compressor work and the change in energy of 
the air. 

C.V. Tank + compressor (constant inlet conditions) 

Continuity: m 2 - 0 = m in Energy: m 2 u 2 = m in h in - , W 2 

Entropy: m 2 s 2 = m in s in + ,S 2 GEN 

To use isentropic efficiency we must calc, ideal device 

State 1: = RTj/Pj = 13.103 ftVlbm, the ambient state 


Reversible compressor: jS 2 GEN = 0 


S2 = Si 


in 


O O p 2 53.34 750 

St2 — ^Tin + R hi(p ) — 1.6307 + X In ( | ^ -j) 


1.9003 


Btu 
lbm R 


=> T 2 s = 1541 R u 2 s = 274.49 Btu/lbm 

=> jw 2 s = h in - u 2s = 124.38 - 274.49 = -150.11 Btu/lbm 


Actual compressor: jw 2 AC = jW 2 s /r| c = -187.64 Btu/lbm 
U 2,AC = ^in ■ 1 W 2,AC = 312 => T 2 AC = 1729 R 
=> v 2 = RT 2 /P 2 = 0.854 ft 3 /lbm 


Final state 2 u, P 


m 2 = V 2 /v 2 = 8.2 lbm 


=> iW 2 = m 2 ( 1 W 2!AC ) = - 1539 Btu 
m 2 (4) 2 - <(>l) = m 2 [ u 2 - U 1 + P o( v 2 - v l) - T o( s 2 - s l) ] 


= 8.2 [312 - 88.733 + 14.7(0.854 - 13.103)^ - 52o(l.9311 
53.34 750\1 

- 1.63074 -^g-ln^JJ = 8.2 x 173.94 = 1426.3 Btu 
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8.166 

An electric stove has one heating element at 600 F getting 750 W of electric power. 
It transfers 90% of the power to 2 lbm water in a kettle initially at 70 F, 1 atm, the 
rest 10% leaks to the room air. The water at a uniform T is brought to the boiling 
point. At the start of the process what is the rate of exergy transfer by: a) electrical 
input b) from heating element and c) into the water at T water . 


We take here the reference T to be the room 70 F = 529.67 R 

a) Work is exergy O=W = 750W 

b) Heat transfer at 600 F is only partly exergy 


r 


0 = 


1 - 


T 'i 

x o 


V 


T 




W 


Q = 


l - 


529.67 


v 


459.67 + 600 


750 = 375 W 


7 


c) Water receives heat transfer at 70 F as 90% of 750 W = 675 W 


f 


O = 


1 - 


T A 

1 o 


V 


T 


r 


watery 


Q = 


l - 


V 


529.67 
459.67 + 70 


675 = 0 W 


v 
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8.167 

A wood bucket (4 lbm) with 20 lbm hot liquid water, both at 180 F, is lowered 
1300 ft down into a mineshaft. What is the exergy of the bucket and water with respect to 
the surface ambient at 70 F? 


C.V. Bucket and water. Both thermal exergy and 
potential energy terms. 

Vj « v 0 for both wood and water so work to atm. 
is zero. 


/rs 




Use constant heat capacity table F.2 for wood and 
table F.7.1 (sat. liquid) for water. 

From Eq.8.28 



<t>i - (h) = m wood[ u i - u o -T 0 (si - S 0 )] + m^oCuj - u 0 -T 0 (sj - s 0 )] + m tot g(z , -z 0 ) 

640 

= 4[0. 3(180 - 70) - 0.3 x 530 In ^ ] + 20[147.76 - 38.09 

- 530(0.263 - 0.074)] + 24 x 32.174 x (-1300 / 25 037) 

= 12.05 + 199.3 - 40.1 = 171.25 Btu 

Recall 1 Btu/lbm = 25 037 ft 2 /s 2 
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8.168 

A 20-lbm iron disk brake on a car is at 50 F. Suddenly the brake pad hangs up, 
increasing the brake temperature by friction to 230 F while the car maintains constant 
speed. Find the change in exergy of the disk and the energy depletion of the car’s gas tank 
due to this process alone. Assume that the engine has a thermal efficiency of 35%. 

All the friction work is turned into internal energy of the disk brake. 

m(u 2 - Uj) = jQ 2 - : W 2 => iQ 2 = m Fe C Fe (T 2 - Tj) 

jQ 2 = 20 x 0.107 x (230 - 50) = 385.2 Btu 

Change in s for a solid, Eq.8.1 1 

m(s 2 - Sj) = mC ln(T 2 / Tj) = 20 x 0.107 x In (Jy|) = 0.6469 Btu/R 

No change in kinetic or potential energy, no volume change and neglect the 
work to the surroundings at P 0 , so change in exergy is from Eq.8.27 


Ac|) = m(u 2 - u^ - T 0 m(s 2 - s t ) = 385.2 - 510 x 0.6469 = 55.28 Btu 

w engine = OthQgas = 1Q2 = Friction work 
Qgas = iQ 2 /Tlth = 385.2/0.35 = 1100 Btu 
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8.169 

Apply the exergy equation to find the exergy destruction in Problem 8.150E 


Exergy flux in: = 


• 

H 

o 

• 

r 536.73 

II 

X 

© 

l-T 

Qh = 

1800 ) 


3500 Btu/h = 2456 Btu/h 


Exergy flux out: ® L = 


( T 3 

1 - 


o 


V T U 


q l = o ( t l = T g ) 


The other exergy flux out is the power ® out = W = 2000 Btu/h 


\ 1800 R / \ 1800 R / 

^ Q h = 3500 Btu/h Q ® H = 2456 Btu/h 




The exergy balance equation Eq.8.38 for the HE becomes (steady state) 


0 — 6 h W ^destruction 

^destruction = ' W = 2456 Btu/h “ 0 “ 2000 Btu/h 

= 456 Btu/h 
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8.170 

The condenser in a power plant cools 20 lbm/s water at 120 F, quality 90% so it 
comes out as saturated liquid at 120 F. The cooling is done by ocean- water coming in at 
60 F and returned to the ocean at 68 F. Find the transfer out of the water and the transfer 
into the ocean-water of both energy and exergy (4 terms). 

Solution: 

C.V. Water line. No work but heat transfer out. 

Energy Eq.: Q out = m (tq - h 2 ) = 20(1010.99 - 87.99) = 18 460 Btu/s 

C.V. Ocean water line. No work but heat transfer in equals water heattransfer out 
Energy Eq.: q = h 4 - h 3 = 36.09 - 28.08 = 8.0 Btu/lbm 

m ocean = Qout /q = 1 8 460 / 8.0 = 2308 kg/s 
Exergy out of the water follows from flow term Eq.8.38 (we will use T 0 = 60 F) 

6 out = m(\ - my 2 ) = m [ hj - h 2 - T 0 ( sj - s 2 ) ] 

= 20 [ 1010.99 - 87.99 - 519.7(1.7567 - 0.1646)] 

= 1912 Btu/s 

Exergy into the ocean water 

® ocean — m ocean(V4 ' V3) — m ocean [ h 4 - I13 — T 0 (s 4 - S3)] 

= 2308 [ 8.0 - 519.7(0.0708 - 0.0555)] 

= 112 Btu/s 


Notice there is a large amount of energy exchanged, but very little exergy. 



Often the cooling 
media flows inside a 
long pipe carrying the 
energy away. 
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Device 2 nd Law Efficiency 
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8.171 

A heat engine receives 3500 Btu/h heat transfer at 1800 R and gives out 1400 
Btu/h as work with the rest as heat transfer to the ambient. Find its first and second law 
efficiencies. 


First law efficiency is based on the energies 

. • 1400 

hi - W/Q h - 350Q - 0.4 

The second law efficiency is based on work out versus exergy in 


Exergy flux in: = 


• 

( T ^ 

A o 

• 

( 536.73 

II 

X 

e 

1- T 
l 1 Hy 

Qh = 

t 1- 1800 J 


3500 Btu/h = 2456 btu/h 


W 1400 


1111 “ . “2456“ 0,57 

® H 

Notice the exergy flux in is equal to the Carnot heat engine power output given 
3500 Btu/h at 1800 R and rejecting energy to the ambient. 



Energy terms 


\ 1800 R / 

,R. O h = 2456 Btu/h 



Exergy terms 
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8.172 

A heat exchanger increases the exergy of 6 lbm/s water by 800 btu/lbm using 20 
lbm/s air coming in at 2500 R and leaving with 250 Btu/lbm less exergy. What are the 
irreversibility and the second law efficiency? 


C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The two 
flows exchange energy with no heat 
transfer to/from the outside. 



3 water 


The irreversibility is the destruction of exergy (exergy) so 

I = ^destruction = ^in ' ®out = 20 x 250 - 6 x 800 = 200 Btll/s 

The second law efficiency, Eq.8.32 

• • 6 x 800 

hll = °out / ®in = 20 x 250 = 0 ’ 96 
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8.173 

Find the second law efficiency of the heat pump in problem 8.159E. 

The second law efficiency is a ratio of exergies namely what we want out 
divided by what we have to put in. Exergy from first term on RHS Eq. 8.38 





Q h = p W = 2 x 15 000 Btu/h = 30 000 Btu/h 


6 h 

Bn = = 

W 



f 536.73 30 000 

, 639.7 J 15 000“ 0,32 


\ 180 F / 

ft Q* 



1 5 000 Btu/h 
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Find the isentropic efficiency and the second law efficiency for the compressor in 
Problem 8.145 

C.V. Compressor. Assume adiabatic and neglect ki netic energies. 

Energy Eq.4. 13: w = fq - h 2 

Entropy Eq.7.8: s 2 = S 1 + s gen 

We have two different cases, the ideal and the actual compressor. 

State 1: F.9.2 h, = 113.73 Btu/lbm, Sj = 0.2772 Btu/lbm-R 
h 2 = hj - w = 113.73 + 23.48 = 137.21 kJ/kg 
State 2: F.9.2 P, h 2 = 137.21 Btu/lbm, T 2 = 100 F, s 2 = 0.2840 Btu/lbm-R 
State 2s: B.4.2 (P, s = Sj) h 2 s = 133.44 Btu/lbm 

Actual compressor: -w c AC = h 2 AC - lq = 137.21 - 113.73 = 23.48 Btu/lbm 

Ideal work: -w c>s = h 2 s - Iq = 133.44 - 1 13.73 = 19.71 Btu/lbm 

Definition Eq.7.27: q c = w c s /w c AC = 0.839 

Rev. work Eq.8.29 

W rev = W\~W 2 = h l - h 2 - T 0 (Sl - S 2 ) 

= 1 13.73 - 137.21 - 536.7 (0.2772 - 0.2840) 

= -23.48 + 3.65 = -19.83 Btu/lbm 


, w rev -19.83 w ac + i 

2 nd law efficiency: q n = — = _ 23 4g = 0.8445 ( = ) 
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8.175 

A steam turbine has an inlet at 600 psia, and 900 F and actual exit of 1 atm with x 
= 1.0. Find its first law (isentropic) and the second-law efficiencies 

C.V. Steam turbine 

Energy Eq.4.13: w = hj - h e 

Entropy Eq.7.9: s e = Sj + s gen 

Inlet state: Table F.7.2 hj = 1462.92 Btu/lbm; Sj = 1.6766 Btu/lbm R 

Exit (actual) state: F.7.2 h e = 1150.49 Btu/lbm; s e = 1.7567 Btu/lbm R 

Actual turbine energy equation 

w = hj - h e = 312.43 Btu/lbm 

Ideal turbine reversible process so s gen = 0 giving 
s es = Sj = 1.6766 = 0.3121 + x es x 1.4446 
x es = 0.94455, h es = 180.13 + 0.94455 x 970.35 = 1096.67 

The energy equation for the ideal gives 

w s = hj - h es ■ 366.25 Btu/lbm 

The first law efficiency is the ratio of the two work terms 

q s = w/w s = 312.43/366.25 = 0.853 

The reversible work for the actual turbine states is, Eq.8.29 

W rev = (hj - h^ + T 0 (s e - Sj) 

= 312.43 + 536.7(1.7567 - 1.6766) 

= 312.43 + 42.99 = 355.4 Btu/lbm 

Second law efficiency Eq.8.31 

r l2 nd Law = w ^ w rev = 312.43/355.4 = 0.879 
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A heat engine operating with an evironment at 540 R produces 17 000 Btu/h of 
power output with a first law efficiency of 50%. It has a second law efficiency of 80% 
and Tl = 560 R. Find all the energy and exergy transfers in and out. 

Solution: 

From the definition of the first law efficiency 

17 000 

Qn = W / rj = Q5 = 34 000 Btu/h 
Energy Eq.: Q L = Q H - W = 34 000-17 000 = 17 000 Btu/h 

6 W = W = 17 000 Btu/h 

• • 

From the definition of the second law efficiency r| jj = W/O h , this requires that 

we assume the exergy rejected at 560 R is lost and not counted, otherwise the 

• • • 

efficiency should be q n = W/(O h - O l ). 


Exergy from source: 


Exergy rejected: 


- (1 ~ x H ) Qh 

T 


T 0 * 17 000 


0.8 


= 21 250 Btu/h 


540 


<D L = (1 - Y~) Ql = (1 - 56 q ) IV 000 = 607 Btu/h 


• ^ 

Notice from the form we could find the single characteristic as 

T 

(1 - TfT-) = 21 250 Btu/h / Q H = 0.625 => T H = 1440 R 

a H 
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9 

Air flows into a heat engine at ambient conditions 14.7 lbf/in. , 540 R, as shown 
in Fig. P8. 111. Energy is supplied as 540 Btu per lbm air from a 2700 R source and in 
some part of the process a heat transfer loss of 135 Btu per lbm air happens at 1350 R. 

The air leaves the engine at 14.7 lbf/in. , 1440 R. Find the first- and the second-law 
efficiencies. 

C.V. Engine out to reservoirs 

^ + q H = q L + h e + w 


Table F.5: hj = 129.18 Btu/lbm, s^ = 1.63979 Btu/lbm R 

h e = 353.483 Btu/lbm, Sj e = 1.88243 Btu/lbm R 
w ac = 129.18 + 540 - 135 - 353.483 = 180.7 Btu/lbm 


Pth = w/q H = 180.7/540 = 0.335 
For second law efficiency also a q to/from ambient 
s i + (9h/Th) + (q 0 /T o) = (9loss/T m ) + S e 


9o = T o[s e - Si + (qioss/Tm) - (Oh/Th)] 


= 540 1.88243 - 1.63979 + 


135 

1350 


540 3 
2700y 


= 77.02 Btu/lbm 


w rev = lb - h e + q H - q loss + q 0 = w ac + q 0 = 257.7 Btu/lbm 
rin = w ac /w rev = 180.7/257.7 = 0.70 
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8.178 


Air enters a compressor at ambient conditions, 15 psia, 540 R, and exits at 120 
psia. If the isentropic compressor efficiency is 85%, what is the second-law efficiency of 
the compressor process? 



Ideal (isentropic, Eq.6.23) 

0.2857 

T 2s = 540(8) = 978.1 R 

-w s = 0.24 (978.1 -540) = 105.14Btu/lbm 

-w s 105.14 

-w = = n q c - 123.7 Btu/lbm 

hs °- 85 


Actual exit temperature 

-w 123.7 

T 2 - T i + Cpo - 540 + 0.24 “ 1055 R 

Eq.6.16: s 2 - Sj = 0.24 ln( 1055/540) - (53.34/778) In 8 = 0.01817 Btu/lbm-R 

Exergy, Eq.8.23 

¥2 ' ¥i = (h 2 - hi) - T 0 (s 2 - s | ) = 123.7 - 537 (0.01817) = 113.94 Btu/lbm 
2nd law efficiency, Eq.8.32 or 8.34 (but for a compressor): 


¥2'¥i 
- -w 


113.94 

123.7 


0.92 
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Consider that the air in the previous problem after the compressor flows in a pipe 
to an air tool and at that point the temperature has dropped to ambient 540 R and an air 
pressure of 1 10 psia. What is the second law efficiency for the total system? 


C.V. Compressor 

Energy: 0 = h-, - h 2 + w c ; Entropy: 0 = ^ - Sg + 0 

/" P 2Vir /120\0.2857 

T 2 = T 1 ^J k =540 (^-j = 978.1 R 

Ex ergy i ncrease through the compressor matches with the ideal compressor work 
w c s = h 2 -hi = C P (T 2 - Ti ) = 0.24(978.1 -540) Btu/lbm = 105.14 
Btu/lbm 

The actu^ compressor work is 

w c ac = w c s / he s = 105.14/0.85= 123.7 Btu/lbm 

From inlet, state 1 to final point of use state 3. 

¥3 “ ¥l = ( h 3 “ h l) “ t o( s 3 - s l) = 0 - T 0 [0 - R ln(P 3 /P 1 )] 


= T 0 R ln(P 3 /P 1 ) = 537 R x (53.34/778) Btu/lbmR x In (110/15) 


= 73.36 Btu/lbm 

So then the second law efficiency is the gain (\|/ 3 — \|/i) over the source w c ^ as 


nii = 


¥3 ~¥l 
W C ac 


73.36 

123.7 


= 0.59 
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8.180 

9 

A compressor is used to bring saturated water vapor at 103 lbf/in. up to 2000 

lbf/in. , where the actual exit temperature is 1200 F. Find the irreversibility and the 
second law efficiency. 

Inlet state: Table F.7.1 fq = 1188.4 Btu/lbm, S; = 1.601 Btu/lbm R 
Actual compressor F.7.2: h e = 1598.6 Btu/lbm, s e = 1.6398 Btu/lbm R 
Energy Eq. actual compressor: -w c ac = h e - h, = 410.2 Btu/lbm 

Eq.8.13: i = T 0 (s e - s ; ) = 536.67 x (1.6398 - 1.601) = 20.82 Btu/lbm 

Eq.8.15: w rev = i + w c ac = 20.82 + (-410.2) = -389.4 Btu/lbm 

dll = ‘ w rev/(‘ w c,ac) = 389.4 / 410.2 = 0.949 
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A coflowing (same direction) heat exchanger has one line with 0.5 lbm/s oxygen 
at 68 F and 30 psia entering and the other line has 1.2 lbm/s nitrogen at 20 psia and 900 R 
entering. The heat exchanger is long enough so that the two flows exit at the same 
temperature. Use constant heat capacities and find the exit temperature and the second 
law efficiency for the heat exchanger assuming ambient at 68 F. 


Solution: 

C.V. Heat exchanger, 
steady 2 flows in and two 
flows out. 


Energy Eq.4.10: 



Same exit tempearture so T 4 = T 2 with values from Table F.4 


• • • • 

m 02 C P 02 T 1 + m N2 C p N2 T 3 = ( m 02 C p 02 + m N2 C p N2) T 2 

_ 0.5 X 0,22 X 527.7 + 1,2 x 0,249 x 900 _ 326.97 
T 2 " 0.5 x 0.22 + 1 .2 x 0.249 - 0.4088 " 800 R 

The second law efficiency for a heat exchanger is the ratio of the exergy gain by 
one fluid divided by the exergy drop in the other fluid. For each flow exergy is 
Eq.8.23 include mass flow rate as in Eq.8.38 

For the oxygen flow: 

• • 

m 0 2(V2 ■ VI ) = m 02 [ h 2 - h l - T 0 ( s 2 - Sj ) ] 


= m 02 [ C P (T 2 - Tj) - To [ Cp ln(T 2 / Tj) - R ln(P 2 / Pj) ] 

= m 02 Cp[T 2 -T 1 -T 0 ln(T 2 /T 1 )] 

= 0.5 x 0.22 [ 800 - 527.7 - 536.7 ln(800/527.7) ] = 5.389 Btu/s 
For the nitrogen flow 

m N2(V3 ~ ¥ 4 ) = m N 2 ^P [ T 3 - T 4 - T 0 ln(T 3 / T 4 ) ] 

= 1.2 x 0.249 [ 900 - 800 - 536.7 ln(900/800) ] = 10.992 Btu/s 

From Eq.8.32 


1 l2 nd Law — — 1 0 992 

m N2 (¥3 - ¥ 4 ) 


m 0 2 (¥i - ¥ 2 ) 5.389 


= 0.49 
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8.182 


Calculate the irreversibility for the process described in Problem 4.21 IE, 
assuming that the heat transfer is with the surroundings at 61 F. 

C.V. Cylinder volume out to T 0 = 61 F. 

Continuity Eq.4.15: m2 - irq = mj n 

Energy Eq.4.16: m 2 u 2 - m , u , = m in hii ne + ,Q 2 - ,W 2 

Entropy Eq.7.12: m 2 s 2 - m^j = m^sj + ^Q 2 / T 0 + : S 2 gen 

Process: Pj is constant to stops, then constant V to state 2 at P 2 


State 1: Pj, Tj 


p l v 45 x 9 x 144 
m ! “ RT, - 53.34 x 519.7 _ 2-104 lbm 


State 2: 

Open to 60 lbf/in 2 , T 2 = 630 R 

Table F.5: 

hj = 266.13 btu/lbm 

Uj = 88.68 Btu/lbm 
u 2 = 107.62 Btu/lbm 


[ 



Only work as piston moves (V changes) while P = P 1 until V = V s t 0 p 

tW 2 = /PdV = P i(V stop - V!) = 45 X (36 - 9)^= 224.9 Btu 

60 x 36 x 144 

m 2 = P2 V 2 /RT 2 = 53 34 x 630 = 9-256 lbm ’ mi = 7-152 lbm 


1Q2 = m 2 u 2 - m l u l - m i h i + iW 2 

= 9.256 X 107.62 - 2.104 x 88.68 - 7.152 x 266.13 + 224.9 
= -868.9 Btu 

Use from table F.4: C p = 0.24, R = 53.34 / 778 = 0.06856 Btu/lbm R, 

1 = T 0 iS 2 gen = T 0 [ m, (s 2 - Sj) + mi (s 2 - s^)] - jQ 2 

630 60 630 60 

= 520.7[2.104(Cp In - R In ^ ) +7.152(C p ln - R In ^ )] 


- ( - 868.9) 

= 520.7 (0.05569 - 0.8473) + 868.9 

= 456.7 Btu 
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8.183 

Calculate the exergy of the system (aluminum plus gas) at the initial and final 
states of Problem 6.245E, and also the irreversibility. 

State 1:T 1 = 400 F v : = 2/2.862 = 0.6988 P 1 = 300psi 
Ideal gas v 2 = Vl (300 / 220)(537 / 860) = 0.595 ; v Q = 8.904 = RT 0 / P Q 
The metal does not change volume so the terms as Eq.8.22 are added 
1 = m gas (’gas + m Al ( t ) Al 1 

Tl Pi 

- m gasCv (Ti - T 0 ) nig as T 0 [Cp In T 0 ’ R l n p Q ] + m gasPo ( V 1 v o) 
+ m A1 [C (Tj - T 0 ) - T 0 C ln (Y l / T 0 ) ] A1 


860 35.1 300 

(j)j = 2.862[0. 156(400-77) - 537(0.201 ln ^ ln ) 

144 860 

+ 14.7 (0.6988 - 8.904 )( ) ] + 8 x 0.21 [ 400 -77 - 537 ln ] 


= 143.96 + 117.78 = 261.74 Btu 


537 35.1 220 

<t> 2 = 2.862[ 0.156(77 - 77) - 537 (0.201 ln ^ ^ ln ) 

+ 14.7(0.595 - 8.904 )(^| )] + 8 x 0.21 [ 77 -77 - 537 ln ] 


= 122.91 +0 = 122.91 Btu 


lW 2 co 2 =/ PdV = 0.5(Pj + P 2 )(V 2 - Vi) = [(300 +220)/2] (1.703 - 2) ^ 


= -14.29 Btu 

ih = *1 - h. + (1 - T 0 /T h ) 1 Q 2 - l w 2 AC + P 0 m( V 2 - V : ) 

= 261.74 - 122.91 + 0 - (-14.29) + 14.7 x 2.862 x ( 0.595 - 0.6988) 

= 152.3 Btu 
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8.184 

9 

Air in a piston/cylinder arrangement, shown in Fig. P8.135, is at 30 lbf/in. , 540 R 
with a volume of 20 ft 3 . If the piston is at the stops the volume is 40 ft 3 and a pressure of 

60 lbf/in. is required. The air is then heated from the initial state to 2700 R by a 3400 R 
reservoir. Find the total irreversibility in the process assuming surroundings are at 70 F. 


Solution: 

Energy Eq.: 

Entropy Eq,: 

Process: 

Information: 

Eq. of state 


m(u 2 - uj) = jQ 2 - ,W 2 
m (s 2 -si) = / dQ/T + : S 2 gen 
P = P 0 + a(V-Vg) if V < V stop 


stop P 0 V st()p V 0 ) 


T s top - T.PstopVstop/PiV i - 2160 < T 2 
So the piston will hit the stops => V 2 = V stop 

p 2 = (T 2 /T stop ) P stop = (2700/2160) 60 = 75 psia = 2.5 P 


State 1: 

PtVt 

m 2 = m j = 

30 x 20 x 144 
“ 53.34 x 540 
= 3.0 lbm 




iW 2 = |(P 1 


+ P s top)(V stop - V,) =5(30 + 60)(40 - 20) = 166.6 Btu 


iQ 2 = m(u 2 - u { ) + jW 2 = 3(518.165 - 92.16) + 166.6 = 1444.6 Btu 
S 2 -Si = s X2 - s xl -Rln(P 2 /Pj) 

= 2.0561 - 1.6398 - (53.34/778) In (2.5) = 0.3535 Btu/lbm R 
Take control volume as total out to reservoir at T RFS 

iS 2 gen tot = m ( s 2 ■ s 2 ) _ i Q 2 /Tres = 0*6356 Btu/R 
il 2 = Tq^St gen ) = 530 x 0.6356 = 337 Btu 
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8.185 

A piston/cylinder arrangement has a load on the piston so it maintains constant 

pressure. It contains 1 lbm of steam at 80 lbf/in. , 50% quality. Heat from a reservoir at 
1300 F brings the steam to 1000 F. Find the second-law efficiency for this process. Note 
that no formula is given for this particular case, so determine a reasonable expression for 
it. 


1: Pj, Xj => v 1 = 2.7458 ft 3 /lbm, hj = 732.905 Btu/lbm, 

Sj = 1.0374 Btu/lbm R 

2: P 2 = P,,T 2 => v 2 = 10.831 ft 3 /lbm, h 2 = 1532.6 Btu/lbm, 

s 2 = 1.9453 Btu/lbm R 
m(u 2 - Uj) = jQ 2 - 1 W 2 = iQ 2 - P(V 2 - Vj) 

: Q 2 = m(u 2 - u^ + Pm(v 2 - Vj) = m(h 2 - h^ = 799.7 Btu 


jW 2 = Pm(v 2 - vj) = 1 19.72 Btu 

1 W 2 to atm = Po m ( v 2 ' v l) = 22 Btu 

Useful work out = jW 2 - jW 2 to atm = 1 19.72 - 22 = 97.72 Btu 


A(j) 


reservoir 


f T 0 3 


f 536.67 3 

V T res y 

1 Q 2 - 

7 ' 1759.67 J 


799.7 = 556 Btu 


97.72 

n II = W net /A(|) = 555 = 0*1^6 


Remark: You could argue that the stored exergy (exergy) should be accounted 
for in the second law efficiency, but it is not available from this device alone. 
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8.186 

The exit nozzle in a jet engine receives air at 2100 R, 20 psia with negligible 
kinetic energy. The exit pressure is 10 psia and the actual exit temperature is 1780 R. 
What is the actual exit velocity and the second law efficiency? 

Solution: 

C.V. Nozzle with air has no work, no heat transfer. 

1 2 

Energy eq.: h, = h e + 

Entropy Eq.: Sj + s gen = s e 

= hj - h e = 532.57 - 444.36 = 88.21 Btu/lbm 

V ex = ^2 x 88.21 x 25 037 = 2102 ft s _1 

2 2 

Recall 1 Btu/lbm = 25 037 ft /s . This was the actual nozzle. Now we can do 
the reversible nozzle, which then must have a q. 

1 2 

Energy eq. : h, + q = h e + ^ V ex rev 

Entropy Eq.: Sj + q/T 0 = s e => q = T 0 (s e - Sj) 

T e P e r 1780 53.34 10 1 

q — T 0 [ C In -J-. — R In p ] — 536.7 |_0.24 In 2 ^qq ” 773 17 l n 20 J 

= 4.198 Btu/lbm 

i V exrev= h i + q - h e = 88.21 + 4.198 = 92.408 Btu/lbm 

'III = 5 V ex / Kx rev = 88.21 / 92.408 = 0.95 

Notice the reversible nozzle is not isentropic (there is a heat transfer). 
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In-Text Concept Questions 
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9.a 

Consider a Rankine cycle without superheat. How many single properties are 
needed to determine the cycle? Repeat the answer for a cycle with superheat. 

a. No superheat. Two single properties. 

High pressure (or temperature) and low pressure (or temperature). 
This assumes the condenser output is saturated liquid and the boiler 
output is saturated vapor. Physically the high pressure is determined by 
the pump and the low temperature is determined by the cooling medium 
and the heat echanger. 

b. Superheat. Three single properties. 

High pressure and temperature and low pressure (or temperature). 

This assumes the condenser output is saturated liquid. Physically the 
high pressure is determined by the pump and the high temperature by 
the heat transfer from the hot source. The low temperature is 
determined by the cooling medium and the heat echanger. 


9.b 

Which component determines the high pressure in a Rankine cycle? What 
determines the low pressure? 

The high pressure in the Rankine cycle is determined by the pump. 
The low pressure is determined as the saturation pressure for the 
temperature you can cool to in the condenser. 
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9.c 

What is the difference between an open and a closed feedwater heater? 

The open feedwater heater mixes the two flows at the extraction pressure 
and thus requires two feedwater pumps. 

The closed feedwater heater does not mix the flows but let them exchange 
energy (it is a two fluid heat exchanger). The flows do not have to be at 
the same pressure. The condensing source flow is dumped into the next 
lower pressure feedwater heater or the condenser or it is pumped up to line 
pressure by a drip pump and added to the feedwater line. 


9.d 

In a cogenerating power plant, what is cogenerated? 

The electricity is cogenerated. The main product is a steam supply. 

Such an arrangement is also known as Combined Heat and Power CHP. 
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9.e 

A refrigerator in my 20°C kitchen uses R-134a and I want to make ice cubes at - 
5°C. What is the minimum high P and the maximum low P it can use? 

Since the R-134a must give heat transfer out to the kitchen air at 20°C, it 
must at least be that hot at state 3. 

From Table B.5.1: P 3 = ?2 = P S at = 573 kPa is minimum high P. 

Since the R-134a must absorb heat transfer at the freezers -5°C, it must at 
least be that cold at state 4. 

From Table B.5.1: P [ = P 4 = P sat = 245 kPa is maximum low P. 


How many parameters are needed to completely determine a standard vapor 
compression refrigeration cycle? 

Two parameters: The high pressure and the low pressure. This assumes 
the exit of the condenser is saturated liquid and the exit of the evaporator is 
saturated vapor. 
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Concept-Study Guide Problems 
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9.1 

Is a steam power plant running in a Carnot cycle? Name the four processes. 


No. It runs in a Rankine cycle. 

1- 2: An isentropic compression (constant s) 

2- 3: An isobaric heating (constant P) 

3- 4: An isentropic expansion (constant s) 

4- 1: An isobaric cooling, heat rejection (constant P) 


Pump 

Boiler 

Turbine 

Condenser 
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9.2 

Raising the boiler pressure in a Rankine cycle for fixed superheat and condenser 
temperatures in what direction do these change: turbine work, pump work and 
turbine exit T or x. 


Turbine work: 
Turbine exit T: 
Turbine exit x: 
Pump work: 


about the same P up, but v down 

same if it was two-phase, down if sup. vapor 

down 

up 
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9.3 

For other properties fixed in a Rankine cycle raising the condenser temperature 
causes changes in which work and heat transfer terms? 

This results in less turbine work out. 

An increase in heat rejection. 

A small reduction in pump work. 

A small reduction in boiler heat addition. 


T 
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9.4 

Mention two benefits of a reheat cycle. 

The reheat raises the average temperature at which you add heat. 

The reheat process brings the states at the lower pressure further out in the 
superheated vapor region and thus raises the quality (if two-phase) in the 
last turbine section. 
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9.5 

What is the benefit of the moisture separator in the powerplant of Problem 4.121? 
You avoid larger droplets in the turbine and raise the quality for the later stages. 

9.6 

Instead of the moisture separator in Problem 4.121 what could have been done to 
remove any liquid in the flow? 

A reheat could be done to re -boil the liquid and even superheat it. 
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9.7 

Can the energy removed in a power plant condenser be useful? 

Yes. 

In some applications it can be used for heating buildings locally or 
as district heating. Other uses could be to heat greenhouses or as general 
process steam in a food process or paper mill. These applications are all 
based on economics and scale. The condenser then has to operate at a 
higher temperature than it otherwise would. 
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9.8 

If the district heating, see Fig. 1.1, should supply hot water at 90°C what is the 
lowest possible condenser pressure with water as the working substance? 

The condenser temperature must be higher than 90°C for which the 
saturation pressure is 70.14 kPa. 

P > 70.14 kPa 



Pipes in the power plant 


Pipes in the ground for distribution 
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9.9 

What is the mass flow rate through the condensate pump in Fig. 9.14? 

We need to check the continuity equation around several CVs. 

Do control volume around HP turbine: 

Number in 1000 kg/h: 0 = + 320 - 28 - 28 - 12 - out to LP turbine 

out to LP turbine = 252 000 kg/h 

which matches with Fig.: 227 000 in condenser + 25 000 from trap 
Condensate pump (main) has 252 000 kg/h 
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9.10 

A heat pump for a 20°C house uses R-410A and the outside is at -5°C. What is 
the minimum high P and the maximum low P it can use? 

As the heat pump must be able to heat at 20°C that becomes the smallest 
possible condensing temperature and thus P > P sat = 1444 kPa. 

It must absorb heat from -5°C and thus must be colder in the evaporation 
process so P < P sat = 679 kPa. 
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9.11 

A heat pump uses carbon dioxide and it is required that it condenses at a 

minimum of 22°C and receives energy from the outside on a winter day at -10°C. 
What restrictions does that place on the operating pressures? 

The high pressure P > P sat = 6003 kPa, close to critical P = 7377 kPa 
The low pressure P < P sat = 2649 kPa 
Notice for carbon dioxide that the low pressure is fairly high. 
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9.12 

Since any heat transfer is driven by a temperature difference, how does that affect 
all the real cycles relative to the ideal cycles? 


Heat transfers are given as Q = CA AT so to have a reasonable rate the 
area and the temperature difference must be large. The working substance then 
must have a different temperature than the ambient it exchanges energy with. This 
gives a smaller temperature difference for a heat engine with a lower efficiency as 
a result. The refrigerator or heat pump must have the working substance with a 
higher temperature difference than the reservoirs and thus a lower coefficient of 
performance (COP). 

The smaller CA is, the larger AT must be for a certain magnitude of the 
heat transfer rate. This can be a design problem, think about the front end air 
intake grill for a modem car which is very small compared to a car 20 years ago. 
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Simple Rankine cycles 
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9.13 


A steam power plant as shown in Fig. 9.3 operating in a Rankine cycle has 
saturated vapor at 3.0 MPa leaving the boiler. The turbine exhausts to the 
condenser operating at 10 kPa. Find the specific work and heat transfer in each of 
the ideal components and the cycle efficiency. 

Solution: 

Cycle is determined by: (P 3 , x 3 , Pi = P 4 , assume xj = 0) 

C.V. Pump Reversible and adiabatic. 

Energy: w p = h 2 - hj ; Entropy: s 2 = Sj 

since incompressible it is easier to find work (positive in) as 


Wp = I v dP = vj (P 2 - Pj) = 0.00101 (3000 - 10) = 3.02 kJ/kg 
=> h 2 = hi + w p = 191.81 + 3.02 = 194.83 kJ/kg 
C.V. Boiler : q H = h 3 - h 2 = 2804. 14 - 194.83 = 2609.3 kJ/kg 
C.V. Turbine : w T = h 3 - h 4 ; s 4 = s 3 

s 4 = s 3 = 6.1869 = 0.6492 + x 4 (7.501) => x 4 = 0.7383 
=> h 4 = 191.81 + 0.7383 (2392.82) = 1958.34 kJ/kg 
w T = 2804.14 - 1958.34 = 845.8 kJ/kg 
C.V. Condenser : q L = h 4 - hj = 1958.34 - 191.81 = 1766.5 kJ/kg 
B cycle = w net / Bh = (w T + w p ) / q H = (845.8 - 3.0) / 2609.3 = 0.323 
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9.14 

Consider a solar-energy-powered ideal Rankine cycle that uses water as the 
working fluid. Saturated vapor leaves the solar collector at 1000 kPa, and the 
condenser pressure is 10 kPa. Determine the thermal efficiency of this cycle. 

Solution: 

C.V. H 2 0 ideal Rankine cycle 

Cycle is determined by: (P 3 , x 3 , Pj = P 4 , assume xj = 0) 

State 3: 1000 kPa, sat vap, h 3 = 2778.08 kJ/kg, s 3 = 6.5864 kJ/kg K 
CV Turbine adiabatic and reversible so second law gives 

s 4 = s 3 = 6.5864 = 0.6492 + x 4 x 7.5010 => x 4 = 0.7915 

h 4 = 191.81 + 0.7915 x 2392.82 = 2085.73 kJ/kg 

The energy equation gives 

w x = h 3 - h 4 = 2778.08 - 2085.73 = 692.35 kJ/kg 

C.V. pump and incompressible liquid gives work into pump 
w p = v 1 (P 2 -P 1 ) = 0.00101(1000- 10)= 1.0 kJ/kg 

h 2 = h 1 + w P = 191.81 + 1.0= 192.81 kJ/kg 

C.V. boiler gives the heat transfer from the energy equation as 
q H = h 3 - h 2 = 2778.08 - 192.81 = 2585.3 kJ/kg 

The cycle net work and efficiency are found as 

w net = w T - w P = 692.35 - 1.0 = 691.35 kJ/kg 

q XH = w NEX /q H = 691.35/2585.3 = 0.267 
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9.15 

The power plant in the previous problem is augmented with a natural gas burner 

to superheat the water to 300°C before entering the turbine. Find the cycle 
efficiency with this configuration and the specific heat transfer added by the 
natural gas burner. 

Solution: 

C.V. H 2 0 ideal Rankine cycle 

Cycle is determined by: (P 3 , T 3 , Pj = P 4 , assume xj = 0) 

State 3: 1000 kPa, 300°C, h 3 = 3051.15 kJ/kg, s 3 = 7.1228 kJ/kg K 
CV Turbine adiabatic and reversible so second law gives 

s 4 = s 3 = 7.1228 = 0.6492 + x 4 x 7.5010 => x 4 = 0.86303 

h 4 = 191.81 + 0.86303 x 2392.82 = 2256.88 kJ/kg 

The energy equation gives 

w x = h 3 - h 4 = 3051.15 - 2256.88 = 794.27 kJ/kg 

C.V. pump and incompressible liquid gives work into pump 
Wp = v 1 (P 2 -P 1 ) = 0.00101(1000- 10)= 1.0 kJ/kg 

h 2 = h 1 + w P = 191.81 + 1.0= 192.81 kJ/kg 

C.V. boiler gives the heat transfer from the energy equation as 
q H = h 3 - h 2 = 3051.15 - 192.81 = 2858.3 kJ/kg 

9h gas = h 3 - g iooo kPa = 3051.15 - 2778.08 = 273.07 kJ/kg 
The cycle net work and efficiency are found as 

w net = w T - w P = 794.27 - 1.0 = 793.27 kJ/kg 

r| TH = w NEX /q H = 793.27/2858.3 = 0.277 
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9.16 

A utility runs a Rankine cycle with a water boiler at 3.0 MPa and the cycle has the 
highest and lowest temperatures of 450°C and 60°C respectively. Find the plant 
efficiency and the efficiency of a Carnot cycle with the same temperatures. 

Solution: 

The states properties from Tables B.1.1 and B.1.3 

1: 60°C, x = 0 => hj = 251.11, vj = 0.001017 m 3 /kg, P sat = 19.94 kPa 

3: 3.0 MPa, 450°C => h 3 = 3344 kJ/kg, s 3 = 7.0833 kJ/kg K 

C.V. Pump Reversible and adiabatic. 

Energy: w p = h 2 - hj ; Entropy: s 2 = Sj 

since incompressible it is easier to find work (positive in) as 

Wp = I v dP = v : (P 2 - Pj) = 0.001017 (3000 - 19.94) = 3.03 kJ/kg 
=> h 2 = h : + w p = 251.11 +3.03 = 254.14 kJ/kg 
C.V. Boiler : q H = h 3 - h 2 = 3344 - 254.14 = 3089.86 kJ/kg 
C.V. Turbine : w T = h 3 - h 4 ; s 4 = s 3 

s 4 = s 3 = 7.0833 = 0.831 1 +x 4 (7.0784) => x 4 = 0.8833 

=> h 4 = 251.11 + 0.8833 (2358.48) = 2334.36 kJ/kg 
w x = 3344 - 2334.36 = 1009.6 kJ/kg 
C.V. Condenser : q L = h 4 - hj = 2334.36 - 251.11 = 2083.25 kJ/kg 

h cycle = w net / 9 h = ( w t + w p) / Oh = (1009.6 - 3.03) / 3089.86 = 0.326 

273.15 +60 

Ocamot - 1 ‘ Tl / T H - 1 - 273, 15 + 450 - 


Boiler 
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9.17 

The power plant in the previous problem has a too low quality in the low pressure 
turbine section so the plant wants to increase the superheat. What should the 
superheat be so the quality of the water in the turbine stays above 92%. 


Cycle is determined by: (P 3 , x 4 , assume xj = 0) 

Consider the turbine and its exhaust at condenser 60°C, 92% quality. 
C.V. Turbine : w T = h 3 - h 4 ; s 4 = s 3 , x 4 = 0.92 

s 4 = s 3 = 0.8311 + x 4 (7.0784) = 7.34323 kJ/kgK 

Look in B. 1.3, 3 MPa match s: 

7.34323 - 7.2337 

T 3 = 500 + 100 7 5 ( )84 _ 7 0337 = 539.9°C 
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9.18 

A power plant for a polar expedition uses ammonia which is heated to 80°C at 

1000 kPa in the boiler and the condenser is maintained at -15°C. Find the cycle 
efficiency. 


Solution: 

Standard Rankine cycle with superheat. From the listed information we get from 
Table B.2.2 

State 1: hj = 111.66 kJ/kg, Vj = 0.001519 m 3 /kg, 

Pj = 236.3 kPa, s = 0.4538 kJ/kgK 
State 3: h 3 = 1614.6 kJ/kg, s 3 = 5.4971 kJ/kgK 
C.V. Tubine: Energy: w x s = h 3 - h 4 ; 

Entropy: s 4 = s 3 = 5.497 1 kJ/kg K 




w 


S 4 -Sf 5.4971 -0.4538 


x 4 = 


= 0.9916 ; 


s fg 5.0859 

h 4 = 111.66 + 0.9916 x 1312.9 = 1413.56 
X s = 1614.6 - 1413.56 = 201.04 kJ/kg 


kJ/kg 


C.V. Pump: Wp = /v dP = Vl (P 2 - Pj) = 0.001519(1000 - 236.3) = 1.16 kJ/kg 


=> h 2 = hj +w P = 111.66 + 1.16= 112.8 kJ/kg 
C.V. Boiler: q H = h 3 - h 2 = 1614.6 - 112.8 = 1501.8 kJ/kg 

201.04- 1,16 

Bcycle - w net /£ 1h - 1501.8 



1 T 



s 


Comment: The cycle efficiency is low due to the low high temperature. 
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9.19 

A Rankine cycle with R-410A has the boiler at 3 MPa superheating to 180°C and 
the condenser operates at 800 kPa. Find all four energy transfers and the cycle 
efficiency. 

Standard Rankine cycle given by (P 2 = P 3 , T 3 , P 1? assume x l = 0) 

From Table B4: 

State 1 (P, x) : v, = 0.000855 m 3 /kg, hj = 57.76 kJ/kg (at 0°C ) 

State 3 (P, T): h 3 = 445.09 kJ/kg, s 3 = 1.3661 kJ/kg-K 

State 4 (800 kPa, s = s 3 ): h 4 = 385.97 kJ/kg interpolated superheated vapor. 


C.V. Pump: w P = /v dP = Vj(P 2 - Pj) = 0.000855 (3000 - 800) = 1.881 kJ/kg 

=> h 2 = hj + w P = 57.76 + 1.881 = 59.64 kJ/kg 
C.V. Boiler: q H = h 3 - h 2 = 445.09 - 59.64 = 385.45 kJ/kg 

C.V. Tubine: Energy: w T s = h 3 - h 4 = 445.09 - 385.97 = 59.12 kJ/kg 

C.V. Condenser: q L = h 4 - h 1 = 385.97 - 57.76 = 328.21 kJ/kg 


59.12- 1.881 

0 cycle - w net' 9h - 385.45 


0.148 
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9.20 

A steam power plant has a high pressure of 3 MPa and it maintains 60°C in the 
condenser. A condensing turbine is used, but the quality should not be lower than 
90% at any state in the turbine. For a turbine power output of 8 MW find the work 
and heat transfer in all components and the cycle efficiency. 


Solution: 

Based on the standard Rankine cycle and Table B.l. 

State 1: Sat. liquid. Pj = 19.94 kPa, Iq = 251.11 kJ/kg, vj = 0.001017 m 3 /kg 
Consider C.V. pump 

Energy: h 2 - iq = w p = v 3 (P 2 - Pi) = 0.001017 (3000 - 19.94) = 3.03 kJ/kg 
State 2: P 2 = 3000 kPa, h 2 = hj + w p = 251.11 + 3.03 = 254.1 kJ/kg 
State 4: P 4 = Pj = 19.94 kPa, x = 0.9 


s 4 = s f + x 4 s fg = 0.8311 + 0.9 x 7.0784 = 7.20166 kJ/kg-K 
h 4 = hf + x 4 h fg = 251.11 + 0.9 x 2358.48 = 2373.74 kJ/kg 
Consider the turbine for which s 4 = s 3 . 

State 3: Table B.2.2 3000 kPa, s 3 = 7.20166 kJ/kg K => h 3 = 3432.5 kJ/kg 
Turbine: w x = h 3 - h 4 = 3432.5 - 2373.74 = 1058.8 kJ/kg 

Boiler: q H = h 3 - h 2 = 3432.5 - 254.1 = 3178.4 kJ/kg 

Condenser: q L = h 4 - h = 2373.74 - 251.1 = 2122.6 kJ/kg 


Efficiency: 


1058.8 - 3.03 

Pth - Wnet/Oh - ( w t ' WpVOH - 3178.4 


0.332 


Scaling: m = W T /w T = 8 000 kW / 1058.8 kJ/kg = 7.555 kg/s 

Wp = m Wp = 22.9 kW; Q H = m q n = 24 MW, Qi = m q L = 16 MW 
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9.21 

A supply of geothermal hot water is to be used as the energy source in an ideal 
Rankine cycle, with R-134a as the cycle working fluid. Saturated vapor R-134a 
leaves the boiler at a temperature of 85°C, and the condenser temperature is 40°C. 
Calculate the thermal efficiency of this cycle. 

Solution: 

CV: Pump (use R-134a Table B.5) 

2 

w P = h 2 - h| = f vdP « v^Pj-Pj) 

l 

= 0.000873(2926.2 - 1017.0) = 1.67 kJ/kg 
h 2 = hj + w P = 256.54 + 1.67 = 258.21 kJ/kg 

CV: Boiler 

q H = h 3 - h 2 = 428.10 - 258.21 = 169.89 kJ/kg 
CV: Turbine 

s 4 = s 3 = 1.6782 = 1.1909 + x 4 x 0.5214 => x 4 = 0.9346 
h 4 = 256.54 + 0.9346 x 163.28 = 409.14 kJ/kg 
Energy Eq.: w T = h 3 - h 4 = 428.1 - 409.14 = 18.96 kJ/kg 

w net = w T - w P = 18.96 - 1.67 = 17.29 kJ/kg 
Pth = w net^9h = 17.29/169.89 = 0.102 
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9.22 

Do Problem 9.21 with R-410A as the working fluid and boiler exit at 4000 kPa, 
70°C. 

A supply of geothermal hot water is to be used as the energy source in an ideal 
Rankine cycle, with R-134a as the cycle working fluid. Saturated vapor R-134a 
leaves the boiler at a temperature of 85°C, and the condenser temperature is 40°C. 
Calculate the thermal efficiency of this cycle. 

Solution: 

CV: Pump (use R-410A Table B.4) 

2 

w P = h 2 - hj = / vdP * Vj^-Pj) = 0.001025(4000 - 2420.7) = 1.619 kJ/kg 

l 

h 2 = hi + w P = 124.09 + 1.619 = 125.71 kJ/kg 
CV: Boiler: q H = h 3 - h 2 = 287.88 - 125.71 = 162.17 kJ/kg 

CV: Turbine 

s 4 = s 3 = 0.93396 = 0.4473 + x 4 x 0.5079, => x 4 = 0.9582 
h 4 = 124.09 + 0.9582 x 159.04 = 276.48 kJ/kg 
w T = h 3 - h 4 = 287.88 - 276.48 = 11.4 kJ/kg 

Pth = w NET /q H = (11-4 - 1. 62)7162.17 = 0.060 
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9.23 

A low temperature power plant operates with R-410A maintaining -20°C in the 
condenser, a high pressure of 3 MPa with superheat. Find the temperature out of 

the boiler/superheater so the turbine exit temperature is 60°C and find the overall 
cycle efficiency. 

State 1: Pj = 399.6 kPa, Vl = 0.000803 m 3 /kg, hj = 28.24 kJ/kg 
State 4: P 4 = P : « 400 kPa, h 4 = 343.58 kJ/kg, s 4 = 1.3242 kJ/kg-K 
State 3: 3 MPa, s = s 4 O h 3 = 426.56 kJ/kg, T 3 = 163.6°C 
Pump: Wp = vj (P 2 - P]) = 0.000803 m 3 /kg (3000 - 399.6) kPa = 2.09 kJ/kg 

Boiler: q H = h 3 - h 2 = 426.56 - (28.24 + 2.09) = 396.23 kJ/kg 

Turbine: w T = h 3 - h 4 = 426.56 - 343.58 = 82.98 kJ/kg 

82.98 - 2.09 

Efficiency: p XH = w NEX /q H = (w x - w P )/q H = 3 96.23 = °' 204 
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9.24 

A low temperature power plant should produce a turbine work of 2.5 MW. It 

operates with carbon dioxide maintaining -10°C in the condenser, a high pressure 

of 6 MPa and it superheats to 100°C. Find the turbine exit temperature, the mass 
flow rate required and the overall cycle efficiency. 


State 1: Vj = 0.001017 m 3 /kg, h 1 = 63.62 kJ/kg, Pj = 2648.7 kPa 

State 3: h 3 = 421.69 kJ/kg, s 3 = 1.4241 kJ/kg-K 

State 4: (2648.7 kPa, s = s 3 ) Do a double linear interpolation in B. 3. 2. 

At 2000 kPa: 14.775°C, h = 362.84; At 3000 kPa: 44.096°C, h = 382.98 
Then at 2648.7 kPa: T 4 = 33.79°C, h 4 = 375.9 kJ/kg 

[use CATT3 (entry P, T) for accuracy then T = 34.5°C, h = 376.3 kJ/kg] 

C.V. Pump: Wp = /v dP = Vj(P 2 - P,) = 0.001017 (6000 - 2648.7) = 3.408 kJ/kg 

=> h 2 = hj + w P = 63.62 + 3.408 = 67.03 kJ/kg 
C.V. Boiler: q H = h 3 - h 2 = 421.69 - 67.03 = 354.66 kJ/kg 

C.V. Tubine: Energy: w T s = h 3 - h 4 = 421.69 - 375.9 = 45.79 kJ/kg 


Scaling: 


m = W T /w x = 2 500 kW / 45.79 kJ/kg = 54.6 kg/s 


_ 45.79 -3.408 

h cycle - WnepOh - 354.66 


0.129 


Boiler 
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Here are the CATT3 entries I used for locating state 4.: 


Start out at P = 2.648.7 kPa = 2.6487 MPa, T = 34°C the s is then too low 

For some reason the entry (P,s) does not work (it iterates out of bounce, to be fixed in 
next edition of the CATT program) 


Computer-Aided Thermodynamic Tables 3 


File Edit Jables/Substances Options Help 




B IJrii! 
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9.25 

Do Problem 9.21 with ammonia as the working fluid. 

A supply of geothermal hot water is to be used as the energy source in an ideal 
Rankine cycle, with R-134a as the cycle working fluid. Saturated vapor R-134a 
leaves the boiler at a temperature of 85°C, and the condenser temperature is 40°C. 
Calculate the thermal efficiency of this cycle. 

Solution: 

CV: Pump (use Ammonia Table B.2) 

w P = h 2 - h, = fj vdP = v t (P 2 - Pj) 

= 0.001725(4608.6 - 1554.9) = 5.27 kJ/kg 
h 2 = hj + w P = 371.43 + 5.21 = 376.7 kJ/kg 

CV: Boiler 

q H = h 3 - h 2 = 1447.8 - 376.7 = 1071.1 kJ/kg 
CV: Turbine 

s 4 = s 3 = 4.3901 = 1.3574 + x 4 x 3.5088 => x 4 = 0.8643 

h 4 = 371.43 + 0.8643 x 1098.8 = 1321.13 kJ/kg 
Energy Eq.: 

w T = h 3 - h 4 = 1447.8 - 1321.13 = 126.67 kJ/kg 
w net = w T - w P = 126.67 - 5.27 = 121.4 kJ/kg 
q TH = w NET /q H = 121.4/1071.1 = 0.113 
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9.26 

Geothermal water can be used directly as a source to a steam turbine. Consider 10 kg/s 

water at 500 kPa, 150°C brought to a flash chamber where it is throttled to 200 kPa as 
shown in Fig. P9.26. From the chamber saturated vapor at 200 kPa flows to the turbine 
with an exit at 10 kPa. From state 4 it is cooled in a condenser and pumped back into the 
ground. Determine quality at the turbine exit and the power that can be obtained from the 
turbine. 


Solution: 



Continuity Eq.4.9: 
Energy Eq.4.10: 
Entropy Eq.7.7: 
Process: 



Two-phase out of the 
valve. The liquid drops 
to the bottom. 


mi = m2 + m3 


• • • 


mihi = m^ho + 1113113 

• • - • • • 

miSi + S gen + J dQ/T =m 2 S 2 + m 3 S 3 

Q = 0, irreversible (throttle) 


B.1.1 hj = 632.18 kJ/kg, sj = 1.8417 kJ/kg K 

B.1.2 h 3 = 2706.63 kJ/kg, s 3 = 7.1271 kJ/kg K, h 2 = 504.68 kJ/kg, 

From the energy equation we solve for the flow rate out to turbine 

m 3 = mi(hi - h 2 )/(h 3 - h 2 ) = 10 x 0.0579 = 0.579 kg/s 


The flow through the turbine is rev. and adiabatic thus isentropic 
State 4: s 4 = s 3 = 7.1271 = 0.6492 + x 4 x 7.5010 => x 4 = 0.8636 

h 4 = 191.81 + x 4 x 2392.82 = 2258.25 kJ/kg 
w x = h 3 - h 4 = 2706.63 - 2258.25 = 448.38 kJ/kg 

W x = m 3 w x = 0.579 kg/s x 448.38 kJ/kg = 259.6 kW 
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9.27 

Some geothermal location have higher pressure and temperature so assume the geothermal power 

plant as in problem 9.26 but with a supply as saturated liquid at 250°C. For this case the flash 
chamber operates at 1000 kPa. For a supply of 10 kg/s determine the mass flow that goes through 
the turbine and the power output. 


Solution: 



Continuity Eq.4.9: = m 2 + m3 


Two-phase out of the 
valve. The liquid drops 
to the bottom. 


Energy Eq.4.10: 


mqhj = m 2 h 2 + m 3 h 3 


Entropy Eq.7.7: 


miSt + Sgen + JdQ/T =m 2 s 2 + m3S3 


Process: 


Q = 0, irreversible (throttle) 


B.1.1 hi = 1085.34 kJ/kg 

B.1.2 h 3 = 2778.08 kJ/kg, h fa = 2015.29 kJ/kg, h 2 = 762.79 kJ/kg, 
From the energy equation we solve for the flow rate out to turbine 


. -h 2 1085.34-762.79 

m 3 — m t h 3 - h 2 — 10 2015.29 


10x0.16 = 1.6 kg/s 


The flow through the turbine is rev. and adiabatic thus isentropic 
State 4: s 4 = s 3 = 6.5864 = 0.6492 + x 4 x 7.5010 => x 4 = 0.79152 

h 4 = 191.81 + x 4 x 2392.82 = 2085.775 kJ/kg 
w x = h 3 - h 4 = 2778.08 - 2085.775 = 692.3 kJ/kg 

W x = m 3 w x = 1.6 kg/s x 692.3 kJ/kg = 1107.7 kW 
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9.28 

With a higher supply pressure and temperature of the geothermal source it is possible to 
have two flash evaporators as shown in Fig. P9.28. Assume the supply is saturated water 

at 250°C and the first chamber flashes to 2000 kPa and saturated liquid at state 2 is 
flashed to 500 kPa with the saturated vapor out added to the turbine which has an exit 
state of 10 kPa with quality 78%. For a supply of 10 kg/s determine the mass flow that 
goes through the turbine and the power output. 

The enthalpies in kJ/kg for the states in the flow diagram are: 


h 1 = 1085.34, h 2 = 908.77, h 3 = 2799.51, h fg2000kPa = 1890.74, 

h 6 = 640.21, h 5 = 2748.67, h fg 500 kPa = 2108.47 

h 4 = 191.81 + 0.78 x 2392.82 = 2058.21 

To determine the mass flow rates we need the split in the two chambers. The 
fractions of the vapor output flows equals the quality in the flow right after the 
valve. 


Flash Chamber 1: irq Iq = m 3 h 3 + (mj - m 3 ) h 2 => 

1085.34- 908.77 

x la - m 3 /mi - (hi - h 2 )/h fg 2000 kPa - 1 890.74 


= 0.093387 


m 3 = Xi a irq = 0.093387 x 10 kg/s = 0.93387 kg/s 

Flash Chamber 2: m 2 h 2 = m 5 h 5 + (m 2 - m 5 ) h 6 => 

. . 908.77 - 640.21 

x 2a - m 5 /m 2 - ( h 2 - h 6 )/h fg 500 kPa - 2108.47 -0.127372 

m 5 = x 2a m 2 = 0.127372 x (10 - 0.93387) kg/s = 1.15477 kg/s 
CV Turbine. Energy Eq. gives power out put 


• • • • • 

W T = m 3 h 3 + m 5 h 5 - (m 3 + m 5 ) h 4 

= 0.93387 x 2799.51 + 1.15477 x 2748.67 - 2.08864 x 2058.21 

= 1489.6 kW 
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9.29 

A smaller power plant produces 25 kg/s steam at 3 MPa, 600°C in the boiler. It 

cools the condenser with ocean water coming in at 15°C and returned at 18°C so 

the condenser exit is at 50°C. Find the net power output and the required mass 
flow rate of ocean water. 

Solution: 

The states properties from Tables B.1.1 and B.1.3 

1: 45°C, x = 0: hj = 188.42 kJ/kg, Vl = 0.00101 m 3 /kg, P sat = 9.59kPa 

3: 3.0 MPa, 600°C: h 3 = 3682.34 kJ/kg, s 3 = 7.5084 kJ/kg K 

C.V. Pump Reversible and adiabatic. 

Energy: w p = h 2 - hj ; Entropy: s 2 = Sj 

since incompressible it is easier to find work (positive in) as 
w p = | v dP = Vl (P 2 - Pj) = 0.00101 m 3 /kg (3000 - 9.6) kPa = 3.02 kJ/kg 
C.V. Turbine : w x = h 3 - h 4 ; S 4 = s 3 

s 4 = s 3 = 7.5084 = 0.6386 + x 4 (7.5261) => x 4 = 0.9128 

=> h 4 = 188.42 + 0.9128 (2394.77) = 2374.4 kJ/kg 
w x = 3682.34 - 2374.4 = 1307.94 kJ/kg 

W NET = m(w x - w p ) = 25 (1307.94 - 3.02) = 32.6 MW 
C.V. Condenser : q L = h 4 - hj = 2374.4 - 188.42 = 2186 kJ/kg 


Q l = mq L = 25 kg/s x 2186 kJ/kg = 54.65 MW = m ocean C p AT 


m 


ocean 


= Q L / C D AT = 


54 650 

4.18 x (18- 15) 


= 4358 kg/s 


Boiler 
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9.30 

Consider an ideal Rankine cycle using water with a high-pressure side of the 
cycle at a supercritical pressure. Such a cycle has a potential advantage of 
minimizing local temperature differences between the fluids in the steam 
generator, such as the instance in which the high-temperature energy source is the 
hot exhaust gas from a gas-turbine engine. Calculate the thermal efficiency of the 
cycle if the state entering the turbine is 30 MPa, 550°C, and the condenser 
pressure is 10 kPa. What is the steam quality at the turbine exit? 

Solution: 

For the efficiency we need the net work and steam generator heat transfer. 

C.V. Pump. For this high exit pressure we use Table B.1.4 compressed liquid 
State 1: Sl = 0.6492 kJ/kg K, hj = 191.81 kJ/kg 

Entropy Eq.: 82 = 8 ! => h 2 = 222.5 kJ/kg 

w p = h 2 - h 1 = 30.69 kJ/kg 
C.V. Turbine. Assume reversible and adiabatic. 

Entropy Eq.: s 4 = s 3 = 6.0342 = 0.6492 + x 4 x 7.501 

x 4 = 0.7179 Very low for a turbine exhaust 
h 4 = 191.81 + x 4 x 2392.82 = 1909.63, h 3 = 3275.36 kJ/kg 
w T = h 3 - h 4 = 1365.7 kJ/kg 
Steam generator: q H = h 3 - h 2 = 3052.9 kJ/kg 

w net = w T - w p = 1365.7 - 30.69 = 1335 kJ/kg 
r| = w NET /q H = 1335 / 3052.9 = 0.437 
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9.31 

Consider the ammonia Rankine-cycle power plant shown in Fig. P9.31. The plant 
was designed to operate in a location where the ocean water temperature is 25 °C 
near the surface and 5°C at some greater depth. The mass flow rate of the working 
fluid is 1000 kg/s. 

a. Determine the turbine power output and the pump power input for the cycle. 

b. Determine the mass flow rate of water through each heat exchanger. 

c. What is the thermal efficiency of this power plant? 

Solution: 

a) C.V. Turbine. Assume reversible and adiabatic. 

s 2 = Sl = 5.0863 = 0.8779 + x 2 x 4.3269 => x 2 = 0.9726 

h 2 = 227.08 + 0.9726 x 1225.09 = 1418.6 kJ/kg 
w T = hj - h 2 = 1460.29 - 1418.6 = 41.69 kJ/kg 

W T = mw T = 1000 x 41 .69 = 41 690 kW 
Pump: w P « v 3 (P 4 - P 3 ) = 0.0016(857 - 615) = 0.387 kJ/kg 

W p = mwp = 1000 x 0.387 = 387 kW 

b) Consider condenser heat transfer to the low T water 


Qto low t H20 = 1000(1418.6 - 227.08) = 1.1915xl0 6 kW 
1.1915xlQ 6 _ 

m iow t H 20 _ 29.38 - 20.98 - kg/s 

h 4 = h 3 + w P = 227.08 + 0.39 = 227.47 kJ/kg 
Now consider the boiler heat transfer from the high T water 

Qfrom high T H20 = 1000(1460.29 - 227.47) = 1.2328X10 6 kW 

1.2328xlQ 6 

m high t H 20 _ 104.87 - 96.50 - 290 kg/s 


41 690 - 387 


c > 1ra-W NET /Q„- 1 2328x10 6 


= 0.033 
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9.32 


Do problem 9.31 with carbon dioxide as the working fluid. 

Consider the ammonia Rankine-cycle power plant shown in Fig. P9.31. The plant 
was designed to operate in a location where the ocean water temperature is 25 °C 
near the surface and 5°C at some greater depth. The mass flow rate of the working 
fluid is 1000 kg/s. 

a. Determine the turbine power output and the pump power input for the cycle. 

b. Determine the mass flow rate of water through each heat exchanger. 

c. What is the thermal efficiency of this power plant? 

a) C.V. Turbine. Assume reversible and adiabatic. 


s 2 = s i = 1.0406 = 0.4228 + x 2 x 0.6963 


=> x 2 = 0.88726 


h 2 = 112.83 + 0.88726 x 197.15 = 287.75 kJ/kg 
w x = hi - h 2 = 294.96 - 287.75 = 7.206 kJ/kg 


W T = mw x = 1000 x 7.206 = 7 206 kW 
Pump: w P * v 3 (P 4 - P 3 ) = 0.001161(5729 - 4502) = 1.425 kJ/kg 

W P = mwp = 1000 x 1.425 = 1425 kW 
b) Consider condenser heat transfer to the low T water 

Q to tow T H 20 = 1000(287.75 - 112.83) = 0.2749 xlO 6 kW 
_ 0.2749 x IQ 6 _ 

m iow t H 20 _ 29.38 - 20.98 - ^ s 

h 4 = h 3 + w P = 1 12.83 + 1.425 = 1 14.26 kJ/kg 
Now consider the boiler heat transfer from the high T water 

Qfrom high t H20 = 1000(294.96 - 114.26) = 0.1807 x 10 6 kW 
0.1807 xlO 6 

m high t H20 ~ 104.87 - 96.50 ” 589 kg/s 

7 206 - 1425 

c > riTH-W NE1 /Q H - al807 xl(|6 - 0.032 
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Reheat Cycles 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful . 



Borgnakke and Sonntag 


9.33 

The power plant in problem 9.16 has a too low quality in the low pressure turbine section 
so the plant wants to apply reheat at 800 kPa. What should the superheat for the reheat be so the 
turbine quality stays above 92%. 

The reheat cycle has expansion in the turbine from state 3 to 800 kPa then reheat 
to state 5 and then expansion in the turbine to the new exhaust state 4’ . We can 
then relate states 4’ and 5 as follows 

C.V. Turbine : w T2 = h 5 - h 4 > ; s 4 - = s 5 and x 4 > = 0.92 

s 4 , = s 5 = 0.8311 + x 4 . (7.0784) = 7.34323 kJ/kgK 

State 5: 800 kPa, s = 7.34323 kJ/kgK => From Table B. 1.3 at 800 kPa 

7 34323 - 7 2327 

T 5 = 300 + 50 7.4088.7.2327 = 331 ‘ 4 ° C 
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9.34 

Consider the supercritical cycle in problem 9.30 and assume the turbine first 

expands to 3 MPa then a reheat to 500°C with a further expansion in the low 
pressure turbine to 10 kPa. Find the combined specific turbine work and the total 
specific heat transfer in the boiler. 

For the efficiency we need the net work and steam generator heat transfer. 

C.V. Pump. For this high exit pressure we use Table B.1.4 
State 1: s t = 0.6492 kJ/kg K, hj = 191.81 kJ/kg 

Entropy Eq.: s 2 = s 1 => h 2 = 222.5 kJ/kg 
State 3: h 3 = 3275.36 kJ/kg, s 3 = 6.0342 kJ/kg-K 
C.V. Turbine section 1. Assume reversible and adiabatic. 

Entropy Eq.: s 4 = s 3 = 6.0342 = 2.6456 + x 4 x 3.5412, x 4 = 0.956907 

h 4 = 1008.41 + x 4 x 1795.73 = 2726.76 kJ/kg, 

State 5: h 5 = 3456.48 kJ/kg, s 5 = 7.2337 kJ/kg-K 

C.V. Turbine section 2. Assume reversible and adiabatic. 

Entropy Eq.: sg = s 5 = 7.2337 = 0.6492 + x 6 x 7.501, x 6 = 0.87782 

h 6 = 191.81 + x 6 x 2392.82 = 2292.27 kJ/kg 
Steam generator: q H = h 3 - h 2 + h 5 - h 4 

= 3275.36 - 222.5 + 3456.48 - 2726.76 
= 3052.86 + 729.72 = 3782.6 kJ/kg 
Turbine: w T = h 3 - h 4 + h 5 - h 6 

= 3275.36 - 2726.76 + 3456.48 - 2292.27 
= 548.6 + 1164.21 = 1712.8 kJ/kg 
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9.35 

A smaller power plant produces steam at 3 MPa, 600°C in the boiler. It keeps the 

condenser at 45°C by transfer of 10 MW out as heat transfer. The first turbine 
section expands to 500 kPa and then flow is reheated followed by the expansion 
in the low pressure turbine. Find the reheat temperature so the turbine output is 
saturated vapor. For this reheat find the total turbine power output and the boiler 
heat transfer. 



The states properties from Tables B.1.1 and B.1.3 

1: 45°C, x = 0: hj = 188.42 kJ/kg, Vl = 0.00101 m 3 /kg, P sat = 9.59kPa 

3: 3.0 MPa, 600°C: h 3 = 3682.34 kJ/kg, s 3 = 7.5084 kJ/kg K 

6: 45°C, x = 1: h 6 = 2583.19 kJ/kg, s 6 = 8.1647 kJ/kg K 

C.V. Pump Reversible and adiabatic. 

Energy: w p = h 2 - Iq ; Entropy: s 2 = Sj 

since incompressible it is easier to find work (positive in) as 
w p = j v dP = v : (P 2 - Pj) = 0.00101 (3000 - 9.59) = 3.02 kJ/kg 
h 2 = hj + w p = 188.42 + 3.02 = 191.44 kJ/kg 
C.V. HP Turbine section 

Entropy Eq.: s 4 = s 3 => h 4 = 3093.26 kJ/kg; T 4 = 314°C 

C.V. LP Turbine section 

Entropy Eq.: s 6 = s 5 = 8.1647 kJ/kg K => state 5 
State 5: 500 kPa, s 5 => h 5 = 3547.55 kJ/kg, T 5 = 529°C 
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C.V. Condenser. 

Energy Eq.: q L = h 6 - hj = h fg = 2394.77 kJ/kg 

m = Q L / q L = 10 000 / 2394.77 = 4.176 kg/s 

Both turbine sections 

W T ,tot = mw x tot = m(h 3 - h 4 + h 5 - h 6 ) 

= 4.176 (3682.34 - 3093.26 +3547.55 - 2583.19) = 6487 kW 
Both boiler sections 

Qh = m(h 3 - h 2 + h 5 - h 4 ) 

= 4.176 (3682.34 - 191.44 + 3547.55 - 3093.26) = 16 475 kW 
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9.36 

A smaller power plant produces 25 kg/s steam at 3 MPa, 600°C in the boiler. It 

cools the condenser with ocean water so the condenser exit is at 50°C. There is a 

reheat done at 500 kPa up to 400°C and then expansion in the low pressure 
turbine. Find the net power output and the total heat transfer in the boiler. 
Solution: 

The states properties from Tables B.1.1 and B.1.3 

1: 50°C, x = 0, hj = 209.31 kJ/kg, vj = 0.001012 m 3 /kg, P sat = 12.35 kPa 

3: 3.0 MPa, 600°C: h 3 = 3682.34 kJ/kg, s 3 = 7.5084 kJ/kg K 

5: 500 kPa, 400°C: h 5 = 3271.83 kJ/kg, s 5 = 7.7937 kJ/kg K 

C.V. Pump Reversible and adiabatic. Incompressible flow so 

Energy: w p = h 2 -h, = Vl (P 2 - P 2 ) = 0.001012 (3000 - 12.35) = 3.02 kJ/kg 

C.V. LP Turbine section 

Entropy Eq.: s 6 = s 5 = 7.7937 kJ/kg K => two-phase state 

7.7937 -0.7037 

Xg — (s^ - Sf)/Sfg — 2725 — ^-96 17 

h 6 = 209.31 + 0.9617 x 2382.75 = 2500.8 kJ/kg 
Both turbine sections 

w T ,tot = h 3 - h 4 + h 5 - h 6 

= 3682.34 - 3093.26 + 3271.83 - 2500.8 = 1360.11 kJ/kg 

W net = W x - W p = m(w x tot - w p ) = 25 (1360.1 1 - 3.02) = 33 927 kW 
Both boiler sections 

Qh = m(h 3 - h 2 + h 5 - h 4 ) 

= 25 (3682.34 - 191.44 + 3271.83 - 3093.26) = 91 737 kW 
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9.37 

Consider an ideal steam reheat cycle where steam enters the high-pressure turbine 
at 3.0 MPa, 400°C, and then expands to 0.8 MPa. It is then reheated to 400°C and 
expands to 10 kPa in the low-pressure turbine. Calculate the cycle thermal 
efficiency and the moisture content of the steam leaving the low-pressure turbine. 

Solution: 

C.V. Pump reversible, adiabatic and assume incompressible flow 

w P = v 1 (P 2 - Pj) = 0.00101 m 3 /kg x (3000 - 10) kPa = 3.02 kJ/kg, 
h 2 = hj + w P = 191.81 + 3.02 = 194.83 kJ/kg 



P 3 = 3 MPa, T 3 = 400°C => h 3 = 3230.82 kJ/kg, s 3 = 6.9211 kJ/kg K 
s 4 = s 3 => h 4 = 2891.6 kJ/kg; 

C.V. LP Turbine section 


State 5: 400°C, 0.8 MPa => h 5 = 3267.1 kJ/kg, s 5 = 7.5715 kJ/kg K 
Entropy Eq.: s 6 = s 5 = 7.5715 kJ/kg K => two-phase state 


S6-s f 7.5715 -0.6492 

x 6 = ' ^ = T501 = °' 92285 = 0923 

h 6 = 191.81 + 0.92285 x 2392.82 = 2400 kJ/kg 


w T,tot = h 3 - h 4 + h 5 - h 6 = 3230.82 - 2891.6+3267.1 - 2400 = 1237.8 kJ/kg 
q m = h 3 - h 2 = 3230.82 - 194.83 = 3036 kJ/kg 
q H = q H1 + h 5 - h 4 = 3036 + 3267.1 - 2891.6 = 3411.5 kJ/kg 
9 cycle = (w T ,tot - Wp)/q H = (1237.8 - 3.02)7341 1.5 = 0.362 
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9.38 

The reheat pressure affects the operating variables and thus turbine performance. 
Repeat Problem 9.35 twice, using 0.6 and 1.0 MPa for the reheat pressure. 

Solution 




C.V. Pump reversible, adiabatic and assume incompressible flow 

w P = Vl (P 2 - Pi) = 0.00101 m 3 /kg x (3000 - 9.59) kPa = 3.02 kJ/kg, 
h 2 = hj + w P = 188.42 + 3.02 = 191.44 kJ/kg 

State 3: 3 MPa, 400°C => h 3 = 3230.82 kJ/kg, s 3 = 6.9211 kJ/kg K 
Low T boiler section: q H1 = h 3 - h 2 = 3230.82 - 191.44 = 3039.38 kJ/kg 
State 4: P 4 , s 4 = s 3 

For P 4 = 1 MPa: h 4 = 2940.85 kJ/kg state 4 is sup. vapor 

State 5: 400°C, P 5 = P 4 => h 5 = 3263.9 kJ/kg, s 5 = 7.465 kJ/kg K, 

For P 4 = 0.6 MPa: h 4 = 2793.2 kJ/kg state 4 is sup. vapor 

State 5: 400°C, P 5 = P 4 => h 5 = 3270.3 kJ/kg, s 5 = 7.7078 kJ/kg K, 

State 6: 45°C, s 6 = s 5 => x 6 = (s 6 - s f )/s fg 
Total turbine work: w T,tot = h 3 - h 4 + h 5 - h 6 

Total boiler H.Tr.: q H = q H1 + h 5 - h 4 

Cycle efficiency: h cycle = ( w T,tot - w pVqH 


p 4 =p 5 

x 6 

h 6 

w T 

9h 

0 CYCLE 

1 

0.907 

2360.5 

1193.4 

3362.4 

0.3540 

0.6 

0.9393 

2437.8 

1270.1 

3516.5 

0.3603 


Notice the small change in efficiency. 
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9.39 

The effect of a number of reheat stages on the ideal steam reheat cycle is to be 
studied. Repeat Problem 9.35 using two reheat stages, one stage at 1.2 MPa and 
the second at 0.2 MPa, instead of the single reheat stage at 0.8 MPa. 

C.V. Pump reversible, adiabatic and assume incompressible flow, work in 
w P = Vl (P 2 - P : ) = 0.00101 m 3 /kg x (3000 - 9.593) kPa = 3.02 kJ/kg, 
h 2 = hj + w P = 188.42 + 3.02 = 191.44 kJ/kg 


P 4 = P 5 = 1.2 MPa, P 6 = P 7 = 0.2 MPa 

3: h 3 = 3230.82 kJ/kg, s 3 = 6.9211 kJ/kg K 
4: P 4 , s 4 = s 3 => sup. vap. h 4 = 2985.3 
5: h 5 = 3260.7 kJ/kg, s 5 = 7.3773 kJ/kg K 
6: P 6 , s 6 = s 5 => sup. vapor 
h 6 = 2811.2 kJ/kg 


3 MPa 



7: h 7 = 3276.5 kJ/kg, s 7 = 8.2217 kJ/kg K 

8: P 8 , s 8 = s 7 => sup. vapor h 8 = 2602 kJ/kg (used CATT3) 


Total turbine work, same flow rate through all sections 

w x = (h 3 - h 4 ) + (h 5 - h 6 ) + (h 7 - h 8 ) = 245.5 + 449.5 + 674.5 = 1369.5 kJ/kg 
Total heat transfer in boiler, same flow rate through all sections 

q H = (h 3 - h 2 ) + (h 5 - h 4 ) + (h 7 - h 6 ) = 3039 + 319.8 + 465.3 = 3824.5 kJ/kg 

r • w t- w p 1369.5 - 3.02 

Cycle efficiency: r) TH = = ^ = 0.357 
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Open Feedwater Heaters 
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9.40 

An open FWH receives steam at 1 MPa, 200°C from the turbine and 1 MPa, 100° 
C water from the feed water line. Find the required fraction of the extraction flow 
in the turbine. 

The setup follows Fig. 9. 12 

State enthalpies: h 2 = 419.02, h 6 = 2827.86 all kJ/kg 

h 3 = 762.79 (x = 0 at 1 MPa) 

Analyze the FWH which leads to Eq.9.5: 

• • 

y = m 6 /m 5 the extraction fraction 

V h 2 762.79-419.02 
y “ h 6 - h 2 “ 2827.86 - 419.02 - 0,1427 
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9.41 

A power plant for a polar expedition uses ammonia and the boiler exit is 80°C, 

1000 kPa and the condenser operates at -15°C. A single open “feed water” heater 
operates at 400 kPa with an exit state of saturated liquid. Find the mass fraction 
extracted in the turbine. 

CV Feedwater heater. 

States given and fixed from knowing Fig. 9.12: 

5: h 5 = 1614.6 kJ/kg, s 5 = 5.4971 kJ/kgK 

3: h 3 = 171.226 kJ/kg 

1: hj = 111.66 kJ/kg, Vl =0.001519 m 3 /kg 

Analyze the pump: h 2 = lq + wpj = hj + vj (P 2 - Pi) 

= 111.66 + 0.001519 m 3 /kg x (400-236.3) kPa 
= 111.91 kJ/kg 

Analyze the turbine: 6:400kPa, sg = sj => hg = 1479.6 kJ/kg 

Analyze the FWH leads to Eq.9.5: 

h3~h 2 171,226 - 111.91 

y_ h 6 -h 2 _ 1479.6 - 111.91 “ 00401 
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9.42 

Find the cycle efficiency for the cycle in Problem 9.41 
CV Feedwater heater. 

States given and fixed from knowing Fig. 9.12: 

5: h 5 = 1614.6 kJ/kg, s 5 = 5.4971 kJ/kgK 

3: h 3 = 171.226 kJ/kg 

1: hj = 111.66 kJ/kg, Vl = 0.001519 m 3 /kg 

Analyze the pump: w P1 = v 1 (P 2 - P^) = 0.001519 m 3 /kg x (400 - 236.3) kPa 

= 0.249 kJ/kg 

h 2 = h 1 + w P1 = 111.66 + 0.249= 111.909 kJ/kg 

Analyze the turbine: 6: 400 kPa, sg = S5 => hg = 1479.6 kJ/kg 

7: -15 C, s 7 = S5 => h 7 = 1413.56 kJ/kg 


Analyze the FWH leads to Eq.9.5: 

h3-h 2 171.226 - 111.909 

y- h 6 -h 2 “ 1479.6- 11.909 -°- 0434 

w T = h 5 -yh 6 -(l -y) h 7 

= 1614.6 - 0.0434 x 1479.6 - (1 - 0.0434) x 1413.56 
= 198.15 kJ/kg 

Pump 2 gives: w P2 = v 3 (P 4 - P 3 ) = 0.00156 m 3 /kg x (1000 - 400) kPa 

= 0.936 kJ/kg 

Net work: w net = w T - w P2 - (1 - y) w P1 = 198.15 - 0.936 - (1-0.0434) 0.249 

= 196.98 kJ/kg 

Boiler: q H = h 5 - h 4 = h 5 - (h 3 + w P2 ) = 1614.6 - 171.65 - 0.936 

= 1442 kJ/kg 

Cycle efficiency: q = w net / q H = 196.98 / 1442 = 0.1366 
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9.43 

A steam power plant has high and low pressures of 20 MPa and 10 kPa, and one 
open feedwater heater operating at 1 MPa with the exit as saturated liquid. The 
maximum temperature is 800°C and the turbine has a total power output of 5 
MW. Find the fraction of the flow for extraction to the feedwater and the total 
condenser heat transfer rate. 

The physical components and the T-s diagram is as shown in Fig. 9.12 in the main 
text for one open feedwater heater. The same state numbering is used. From the 
Steam Tables: 

State 5: (P, T) h 5 = 4069.8 kJ/kg, s 5 = 7.0544 kJ/kg K, 

State 1: (P, x = 0) h, = 191.81 kJ/kg, v, = 0.00101 m 3 /kg 
State 3: (P, x = 0) h 3 = 762.8 kJ/kg, v 3 = 0.001 127 m 3 /kg 
Pump PI: w P1 = v 1 (P 2 - Pj) = 0.00101 x 990 = 1 kJ/kg 
h 2 - hj + w P1 = 192.81 kJ/kg 
Turbine 5-6: s 6 = s 5 => h 6 = 3013.7 kJ/kg 

w X56 = h 5 - h 6 = 4069.8 - 3013.7 = 1056.1 kJ/kg 

• • • • • 

Feedwater Heater (m TOT = m 5 ): y m 5 h 6 + (1 - y) m 5 h 2 = m 5 h 3 

h 3 -h 2 762.8 - 192.81 

^ y _ h 6 -h 2 _ 3013.7 - 192.81 “ 0,2021 

To get state 7 into condenser consider turbine. 

s 7 = s 6 = s 5 => x 7 = (7.0544 - 0.6493)/7.5009 = 0.85391 
h 7 = 191.81 + 0.85391 x 2392.82 = 2235.1 kJ/kg 

Find specific turbine work to get total flow rate 

• • • • 

W T — m T Q T h 5 - ym TOT h 6 - (1 - y)iri r pQ r ph7 = 

• • 

= m TOT x [h 5 - yh 6 - (1 - y) h 7 ] = m TOT x 1677.3 

m xox = 5000/1677.3 = 2.98 kg/s 

Q l = m X0T (1-y) (h 7 -hi) = 2.98 x 0.7979(2235.1 - 191.81) = 4858 kW 
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9.44 

A low temperature power plant operates with R-410A maintaining -20°C in the 

condenser, a high pressure of 3 MPa with superheat to 80°C. There is one open 

“feed water” heater operating at 800 kPa with an exit as saturated liquid at 0°C. 
Find the extraction fraction of the flow out of the turbine and the turbine work per 
unit mass flowing through the boiler. 




State 1: = 0, fq = 28.24 kJ/kg, Vj = 0.000803 m 3 /kg 

State 3: x 3 = 0, h 3 = 57.76 kJ/kg, v 3 = 0.000855 nrVkg 

State 5: h 5 = 329.1 kJ/kg, s 5 = 1.0762 kJ/kg K 

State 6: s 6 = s 5 => T 6 = 10.2°C, h 6 = 290.3 kJ/kg 

State 7: s 7 = s 5 => x 7 = (s 7 - s f )/s fg = 0.9982, h 7 = 271.5 kJ/kg 

C.V Pump PI 

Wpi = h 2 - hj = V!(P 2 - Pi) = 0.000803 (800 - 400) = 0.32 kJ/kg 

=> h 2 = h | + w pi = 28.24 + 0.32 = 28.56 kJ/kg 

• • 

C.V. Feedwater heater: Call m 6 / m tot = y (the extraction fraction) 

Energy Eq.: (1 - y) h 2 + y h 6 = 1 h 3 

57.76-28.56 


ha — h 7 


290.3 - 28.56 


= 0.1116 


C.V. Turbine 


W x = m xox h 5 - y m XOT h 6 - (1 - y) m XOT h 7 
w T = h 5 -yh6-(i -y) h 7 

= 329.1 -0.1116 x 290.3 -(1 -0.1116) x 271.5 = 55.52 kJ/kg 
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9.45 


A Rankine cycle operating with ammonia is heated by some low temperature 

source so the highest T is 120°C at a pressure of 5000 kPa. Its low pressure is 
1003 kPa and it operates with one open feedwater heater at 2033 kPa. The total 
flow rate is 5 kg/s. Find the extraction flow rate to the feedwater heater assuming 
its outlet state is saturated liquid at 2033 kPa. Find the total power to the two 
pumps. 




State 1: Xl = 0, hj = 298.25 kJ/kg, Vj = 0.001658 m 3 /kg 

State 3: x 3 = 0, h 3 = 421.48 kJ/kg, v 3 = 0.001777 m 3 /kg 

State 5: h 5 = 421.48 kJ/kg, s 5 = 4.7306 kJ/kg K 

State 6: s 6 = s 5 => x 6 = (s 6 - s f )/s fg = 0.99052, h 6 = 1461.53 kJ/kg 
C.V Pump PI 

Wpi = h 2 - hj = Vl (P 2 - Pj) = 0.001658(2033 - 1003) = 1.708 kJ/kg 

=> h 2 = h, + w P1 = 298.25 + 1.708 = 299.96 kJ/kg 

• • 

C.V. Feedwater heater: Call m 6 / m tot = y (the extraction fraction) 

Energy Eq.: (1 - y) h 2 + y h 6 = 1 h 3 

421.48-299.96 


ha — h 7 


1461.53-299.96 


= 0.1046 


m extr = y m tot = 0.1046 x 5 = 0.523 kg/s 
m i = (1 - y) m tot = (1 - 0.1046) 5 = 4.477 kg/s 

C.V Pump P2 

w P2 = h 4 - h 3 = v 3 (P 4 - P 3 ) = 0.001777 (5000 - 2033) = 5.272 kJ/kg 
Total pump work 

W p = mjWpj + m tot w P2 = 4.477 x 1.708 + 5 x 5.272 = 34 kW 
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9.46 


A power plant with one open feedwater heater has a condenser temperature of 
45°C, a maximum pressure of 5 MPa, and boiler exit temperature of 900°C. 
Extraction steam at 1 MPa to the feedwater heater is mixed with the feedwater 
line so the exit is saturated liquid into the second pump. Find the fraction of 
extraction steam flow, the two specific pump work inputs and the turbine work 
per unit mass flow in the boiler. 


Solution: 


From turbine 
To boiler 


Pump 1 


Figure 9.12 in the main text. i 


— ’ 


4 - 

3 

FWH 





2 


o, 


1 


From 
condenser 


State out of boiler 5: h 5 = 4378.82 kJ/kg, s 5 = 7.9593 kJ/kg K 
C.V. Turbine reversible, adiabatic: s 7 = s 6 = s 5 

State 6: P 6 , s 6 => h 6 = 3640.6 kJ/kg, T 6 = 574°C 
State 7: s 7 = s 5 => x 7 = (s 7 - s f )/s fg = 0.97271, h 7 = 2517.84 kJ/kg 
C.V Pump PI 

w P1 = h 2 - hj = Vl (P 2 - Pj) = 0.00101(1000 - 9.6) = 1.0 kJ/kg 
=> h 2 = hj + w pi = 188.42 + 1.0 = 189.42 kJ/kg 

• • 

C.V. Feedwater heater: Call m 6 / m tot = y (the extraction fraction) 

Energy Eq.: (1 - y) h 2 + y h 6 = 1 h 3 

_ h 3 - h 2 _ 762.79 - 189.42 
y “ h 6 - h 2 “ 3640.6 - 189.42 “ 0,1661 

C.V Pump P2 

w p2 = h 4 - h 3 = v 3 (P 4 - P 3 ) = 0.001 127(5000 - 1000) = 4.5 kJ/kg 
C.V. Turbine 

W x = m xox h 5 - y m xox h 6 - (1 - y) m xox h 7 
w x = h 5 -yh 6 -(l -y) h 7 

= 4378.82 - 0.1661 x 3640.6 - (1 - 0.1661) x 2517.84 

= 1674.5 kJ/kg 
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9.47 


A steam power plant operates with a boiler output of 20 kg/s steam at 2 MPa, 
600°C. The condenser operates at 50°C dumping energy to a river that has an 
average temperature of 20°C. There is one open feedwater heater with extraction 
from the turbine at 600 kPa and its exit is saturated liquid. Find the mass flow rate 
of the extraction flow. If the river water should not be heated more than 5°C how 
much water should be pumped from the river to the heat exchanger (condenser)? 

Solution: 

The setup is as shown in Fig. 9.12. 

1: 50°C sat liq. v, = 0.001012 m 3 /kg, 

hj =209.31 kJ/kg 
2:600kPa s 2 = Sj 

3: 600 kPa, sat liq. h 3 = h f = 670.54 kJ/kg 
5: (P, T) h 5 = 3690.1 kJ/kg, 
s 5 = 7.7023 kJ/kg K 

6: 600 kPa, s 6 = s 5 => h 6 = 3270.0 kJ/kg 
CVP1 

w P1 = Vl (P 2 - Pj) = 0.001012 m 3 /kg (600 - 12.35) kPa = 0.595 kJ/kg 
h 2 = hj + w P1 = 209.9 kJ/kg 
C.V FWH 

yh 6 + (l -y) h 2 = h 3 

_ h 3 -h 2 _ 670.54 - 209.9 _ 
y_ lu-ho ~~ 3270.0 - 209.9 -°- 1505 


CONDENSER 

+ 7 Ex turbine 
From 

river 



To pump 1 


m 6 = y m 5 = 0.1505 x 20 = 3 kg/s 

CV Turbine: s 7 = s 6 = s 5 => x 7 = 0.9493 , h 7 = 2471.17 kJ/kg 
CV Condenser 

q L = h 7 - hj = 2471.17 - 209.31 = 2261.86 kJ/kg 
The heat transfer out of the water from 7 to 1 goes into the river water 

Ql = (1 - y) mq L = 0.85 x 20 x 2261.86 = 38 429 kW 
= m H20 Ah H20 = m H20 (hgs - hf2o) = m (20.93) 


m = 38 429 / 20.93 = 1836 kg/s 
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9.48 

In one type of nuclear power plant, heat is transferred in the nuclear reactor to 
liquid sodium. The liquid sodium is then pumped through a heat exchanger where 
heat is transferred to boiling water. Saturated vapor steam at 5 MPa exits this heat 
exchanger and is then superheated to 600°C in an external gas-fired superheater. 
The steam enters the turbine, which has one (open-type) feedwater extraction at 
0.4 MPa. The condenser pressure is 10 kPa. Determine the heat transfer in the 
reactor and in the superheater to produce a net power output of 5 MW. 

Solution: 

The complete cycle diagram is similar to Figure 9.12 except the boiler is 
separated into a section heated by the reactor and a super heater section. 




CV. Pump PI 

w pi = 0.001008(400 - 7.5) = 0.4 kJ/kg ; 
h 2 = h t + w P1 = 168.8 + 0.4 = 169.2 kJ/kg 

CV. Pump P2 

w P 2 = 0.001084(5000 - 400) = 5.0 kJ/kg 


h 4 = h 3 + w p2 = 604.7 + 5.0 = 609.7 kJ/kg 
C.V. Turbine (to get exit state properties) 

s 7 = s 6 = 7.2589, P 7 = 0.4 MPa => T 7 = 221.2°C, h 7 = 2904.5 kJ/kg 
s 8 = s 6 = 7.2589 = 0.6492 + x 8 x 7.501 x 8 = 0.88118 
h 8 = 191.81 +0.88118 x 2392.82 = 2300.3 kJ/kg 
CV: Feedwater heater FWH (to get the extraction fraction x 7 ) 


Divide the equations with the total mass flow rate m 3 = m 4 = m 5 = m 6 
Continuity: x 2 + x 7 = x 3 = 1.0 , Energy Eq.: x 2 h 2 + x 7 h 7 = h 3 

x 7 = (604.7-169.2)/(2904.5-169.2) = 0.1592 
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CV: Turbine (to get the total specific work) 

Full flow from 6 to 7 and the fraction (1 - x 7 ) from 7 to 8. 

w x = (h 6 - h 7 ) + (1 - x 7 )(h 7 - h 8 ) 

= 3666.5-2904.5 + 0.8408(2904.5-2300.3) = 1270.0 kJ/kg 
CV: Pumps (PI has x : = 1 - x 7 , P2 has the full flow x 3 = 1) 

w P = XjW P1 + x 3 w P2 = 0.8408 x 0.4 + 1 x 5.0 = 5.3 kJ/kg 

w NET = 1270.0- 5.3= 1264.7 => m = 5000/1264.7 = 3.954 kg/s 
CV : Reactor (this has the full flow) 

Qreact = m(h 5 - h 4 ) = 3.954 (2794.3 - 609.7) = 8638 kW 
CV: Superheater (this has the full flow) 

Q SUP = m(h 6 - h 5 ) = 3.954 (3666.5 - 2794.3) = 3449 kW 
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9.49 

Consider an ideal steam regenerative cycle in which steam enters the turbine at 
3.0 MPa, 400°C, and exhausts to the condenser at 10 kPa. Steam is extracted from 
the turbine at 0.8 MPa for an open feedwater heater. The feedwater leaves the 
heater as saturated liquid. The appropriate pumps are used for the water leaving 
the condenser and the feedwater heater. Calculate the thermal efficiency of the 
cycle and the net work per kilogram of steam. 

Solution: 

This is a standard Rankine cycle with an open FWH as shown in Fig. 9. 12 
C.V Pump PI 

Wpi = h 2 - hj = Vj(P 2 - Pj) = 0.00101(800 - 10) = 0.798 kJ/kg 
=> h 2 = hj + w pi = 191.81 + 0.798 = 192.61 kJ/kg 

• • 

C.V. FWH Call m 6 / m tot = y (the extraction fraction) 

(1 - y) h 2 + y h 6 = 1 h 3 

_ h 3 - h 2 721,1 - 192.61 _ 
y_ h 6 -h 2 “ 2891.6 - 192.61 -°- 1958 

C.V Pump P2 

Wp 2 = h 4 - h 3 = v 3 (P 4 - P 3 ) = 0.001 1 15(3000 - 800) = 2.45 kJ/kg 
h 4 = h 3 + w P2 = 721.1 + 2.45 = 723.55 kJ/kg 
CV Boiler: q H = h 5 - h 4 = 3230.82 - 723.55 = 2507.3 kJ/kg 

CV Turbine 

Entropy Eq.: s 7 = s 6 = s 5 = 6.921 1 kJ/kg K 

P 6 , s 6 => h 6 = 2891.6 kJ/kg (superheated vapor) 

6.9211 -0.6492 

s 7 = s 6 = s 5 = 6.9211 => x 7 = 7 ~ 50 i =0.83614 

=> h 7 = 191.81 + x 7 2392.82 = 2192.55 kJ/kg 
Turbine has full flow in HP section and fraction 1-y in LP section 

W T / m 5 = h 5 - h 6 + (1 - y) (h 6 - h 7 ) 
w x = 3230.82 - 2891.6 + (1 - 0.1988) ( 2891.6 - 2192.55) = 899.3 kJ/kg 
P2 has the full flow and PI has the fraction 1-y of the flow 
w net = w x - (1 - y) w pi - w p2 

= 899.3 - (1 - 0.1988)0.798 - 2.45 = 896.2 kJ/kg 
h cycle = w net 1 9h = 896.2 1 2507 - 3 = °- 357 
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Closed Feedwater Heaters 
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9.50 

Write the analysis (continuity and energy equations) for the closed feed water 
heater with a drip pump as shown in Fig. 9. 13. Take the control volume to have 
state 4 out so it includes the drip pump. Find the equation for the extraction 
fraction. 

CV Feedwater heater plus drip pump. 

• • • 

Continuity Eq.: m 6 + m 2 = m 4 

• • • • 

Energy Eq. : m 6 h 6 + m 2 h 2 + m 6 w P drip = m 4 h 4 

CV drip pump 

W P drip = v 6 ( p 4 - P 6) = ^6b “ ’ ^ 6a = h f at P6 

Divide the energy equation with the full flow rate (m 4 ) to get 
Energy Eq. : y h 6 + ( 1 - y) h 2 + y w P drip = h 4 

• • 

Now solve for the fraction y = m 6 / m 4 

_ h 4 -h 2 

Y “ h 6 - h 2 + W P drip 


So to use this expression we assume we know states 2, 4 and 6 and have analyzed 
the drip pump. Of course if you assume state 3 is at the temperature of the 
condensing steam at state 6a then take CV to exclude the drip pump and the 
expression for y is different. 
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9.51 

A closed FWH in a regenerative steam power cycle heats 20 kg/s of water from 

100°C, 20 MPa to 200°C, 20 MPa. The extraction steam from the turbine enters 

the heater at 4 MPa, 275°C, and leaves as saturated liquid. What is the required 
mass flow rate of the extraction steam? 


Solution: 

The schematic from Figure 9.13 has the feedwater from the pump coming at state 
2 being heated by the extraction flow coming from the turbine state 6 so the 
feedwater leaves as saturated liquid state 4 and the extraction flow leaves as 
condensate state 6a. 



From table B.l 

h kJ/kg 

B.1.4: 

100°C, 20 MPa 

h 2 = 434.04 

B.1.4: 

200°C, 20 MPa 

h 4 = 860.47 

B.l. 3: 

4 MPa, 275°C 

h 6 = 2880.39 

B.1.2: 

4 MPa, sat. liq. 

h 6a = 1087.29 


C.V. Feedwater Heater 


Energy Eq.: m 2 h 2 + m 6 h 6 = m 2 h 4 + m 6 h 6a 

Since all four states are known we can solve for the extraction flow rate 

. h 2 - h 4 

m 6 = m 2 ^ 

_ 434,04 . 860.47 , , , , 

- 20 1087.29 - 2880.39 kg/s “ 4756 kg/s 
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9.52 

Find the specific turbine work from the extraction flow for the cycle in Problem 
9.51 and the specific heat transfer in the boiler operating at 20 MPa, assuming the 
extraction flow goes through a drip pump and added to the feedwater line. 


Solution: 

The schematic from Figure 9.13 has the feedwater from the pump coming at state 
2 (20 MPa, 100°C) being heated by the extraction flow coming from the turbine 
state 6 (4 MPa, 275°C) so the feedwater leaves at state 3 (20 MPa, 200°C) and the 
extraction flow leaves as condensate state 6a (4 MPa, x = 0) goes through the drip 
pump and added to the feedwater line to produce a state 4 (20 MPa, T = ?) going 
to the boiler. 


From B . 1 (h in kJ/kg) : 

h 2 = 434.04, h 3 = 860.47, 
h 6 = 2880.39, h 6a = 1087.29 

v 6a = v f = 0.001252 m 3 /kg 
s 6 = s 5 = 6.2145 kJ/kg-K 

C.V. Feedwater Heater 



Energy Eq.: m 2 h 2 + m 6 h 6 = m 2 h 3 + m 6 h 6a 

Since all four states are known we can solve for the extraction flow rate 


. h 2 -h 3 434.04 - 860.47 

m 6 - m2 h 6a - h 6 _ 20 1087.29 - 2880.39 kg/s “ 4 ' 756 kg/s 


CV drip pump: w P2 = v 6a (P 6b - P 6a ) = 0.001252 (20 000 - 4000) = 20.03 kJ/kg 

h 6b = h 6a + W P2 = 1087.29 + 20.03 = 1107.32 kJ/kg 
CV Junction 6b, 3, 4 

, m 2 h 3 + m 6 h 6b 20 x 860.47 + 4.756 x 1107.32 __ 1T(1 

h 4 ~ . - 20 + 4.756 -907.89 kJ/kg 

m 2 + m 6 

We must assume state 5 is 20 MPa, s = s b so h 5 = 3297.59 kJ/kg, then 

w T ext flow = h 5 - h 6 = 3297.59 - 2880.39 = 417.2 kJ/kg 
q H ext flow = h5 - h4 = 3297.59 - 907.89 = 2389.7 kJ/kg 
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9.53 

Assume the cycle in problem 9.51 has a condenser operating at 20 kPa, what would the 
quality at the turbine exit be? Find the reheat temperature if reheat is at the 4 MPa 
extraction pressure and the turbine should have a minimum quality of 90%. 


Assume rev. adiabatic turbine so 4 MPa, 275°C: S 5 = Sg = S 7 = 6.2145 kJ/kg-K 

6.2145 -0.8319 


=> X-7 = 


= 0.7606 


7 - 7.0766 

If we should have the new state 7 as x 7 = 0.9 then the entropy is: 

s v = 0.8319 + 0.9 x 7.0766 = 7.20084 kJ/kg-K 

this is then also entropy after reheat at 4 MPa, s 8 = s 7 so then 

7.20084 - 7.09 

T 8 — 500 + 100 rj - 7 09 — 539.8°C 
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9.54 

A power plant with one closed FWH has a condenser temperature of 45°C, a 
maximum pressure of 5 MPa, and boiler exit temperature of 900°C. Extraction 
steam at 1 MPa to the feedwater heater condenses and is pumped up to the 5 MPa 
feedwater line where all the water goes to the boiler at 200°C. Find the fraction of 
extraction steam flow and the two specific pump work inputs. 

Solution: 

s 1 = 0.6387 kJ/kg K, 
hj = 188.42 kJ/kg 

v ! = 0.00101 m 3 /kg, 
s 4 = 2.1386 kJ/kg K, 
h 4 = 762.79 kJ/kg 

v 4 = 0.001 127 m 3 /kg 
T 6 => h 6 = 853.85 kJ/kg 



C.V. Turbine: Reversible, adiabatic so constant s from inlet to extraction point 

s 3 = s IN = 7.9593 kJ/kg K => T 3 = 573.8, h 3 = 3640.6 kJ/kg 

C.V. PI: w P1 = Vl (P 2 - Pj) = 0.00101 m 3 /kg x (5000 - 9.6) kPa = 5.04 kJ/kg 
=> h 2 = hj + w pi = 188.42 + 5.04 = 193.46 kJ/kg 
C.V. P2: w p2 = v 4 (P 7 - P 4 ) = 0.001 127 m 3 /kg x (5 - 1) MPa = 4.508 kJ/kg 
=> h 7 = h 4 + w p2 = 762.79 + 4.5 1 = 767.30 kJ/kg 
C.V. FWH and pump 2: 

• • 

The extraction fraction is: y = m 3 /m 6 


• • • 

Continuity Eq.: m 6 = m 2 + m 3 , l = (l-y) + y 

Energy: (1 - y)h 2 + y h 3 + y w P2 = h 6 

h 6 - h 2 853.85 - 193.46 

y “ h 3 + w P2 - h 2 “ 3640.6 + 4.508 - 193.46 


0.1913 


m 3 /m 6 = y = 0.1913 
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9.55 


Do Problem 9.43 with a closed feedwater heater instead of an open and a drip 
pump to add the extraction flow to the feed water line at 20 MPa. Assume the 
temperature is 175°C after the drip pump flow is added to the line. One main 
pump brings the water to 20 MPa from the condenser. 

Solution: 


V! = 0.00101 m 3 /kg, 
hj = 191.81 kJ/kg 

T 4 = 175°C; h 4 = 751.66 kJ/kg 
h6a = hfiMPa = 762.79 kJ/kg, 
v 6a = 0.001 127 m 3 /kg 



Turbine section 1: s 6 = s 5 = 7.0544 kJ/kg K 

P 6 = 1 MPa => h 6 = 3013.7 kJ/kg 

C.V Pump 1 

W P1 = h 2 - hj = v 1 (P 2 - Pj) = 0.00101(20 000 - 10) = 20.19 kJ/kg 
=> h 2 = hj + w pi = 191.81 + 20.19 = 212.0 kJ/kg 
C.V Pump 2 

w P2 = h 6b - h 6a = v 6a (P 6b - P 6a ) = 0.001 127(20 000 - 1000) = 21.41 kJ/kg 

• • 

C.V FWH + P2 select the extraction fraction to be y = m 6 / m 4 


y h 6 + (1 - y) h 2 + y (w P2 ) = h 4 

h4-h 2 751.66-212.0 


y “ h 6 - h 2 + w P2 “ 3013.7 - 212.0 + 21.41 
Turbine: s 7 = s 6 = s 5 & P 7 = 10 kPa 


= 0.191 


7.0544 - 0.6493 


=> x 7 = 


= 0.85391 


7.5009 

h 7 = 191.81 + 0.85391 x 2392.82 = 2235.1 kJ/kg 
w x = [ h 5 - h 6 + (1 - y) (h 6 - h 7 ) ] 

= [4069.8-3013.7 +0.809(3013.7 -2235.1)] = 1686 kJ/kg 


W T = 5000 kW = m 5 x w T = m 5 x 1686 kJ/kg => m 5 = 2.966 kg/s 


Q l = m 5 (l - y) (h 7 - h x ) = 2.966 x 0.809 (2235.1 - 191.81) = 4903 kW 
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9.56 

Repeat Problem 9.49, but assume a closed instead of an open feedwater heater. A 
single pump is used to pump the water leaving the condenser up to the boiler 
pressure of 3.0 MPa. Condensate from the feedwater heater is going through a 
drip pump and added to the feedwater line so state 4 is at T 6 . 

Solution: 


C.V. Turbine, 2nd law: 
s 5 = s 6 = s 7 = 6.9211 kJ/kg K 

h 5 = 3230.82 ,h 6 = 2891.6 
=> x 7 = (6.9211 - 0.6492)/7.501 
= 0.83614 

h 7 = 191.81 + x 7 2392.82 
=2192.55 kJ/kg 

Assume feedwater heater exit state 4 at the T of the condensing steam 
C.V Pump 1 

w pi = h 2 - hj = v 1 (P 2 - P0 = 0.00101(3000 - 10) = 3.02 kJ/kg 
h 2 = hj + w pi = 191.81 + 3.02 = 194.83 kJ/kg 
T 4 = T sat (P 6 ) = 170.43°C, h 4 ~ h f = h 6a = 721. 1 kJ/kg 
C.V Pump 2 (the drip pump) 

w P2 = h 6b - h 6a = v 6a (P 6b - P 6a ) = 0.001 1 15(3000 - 800) = 2.45 kJ/kg 

• • 

C.V FWH + P2 select the extraction fraction to be y = m 6 / m 4 

y h 6 + (1 - y) h 2 + y (w P2 ) = h 4 

h 4 -h 2 _ 721.1 - 194.83 _ 

y “ h 6 - h 2 + w P2 “ 2891.6 - 194.83 + 2.45 “ 0,195 

Turbine work with full flow from 5 to 6 fraction 1- y flows from 6 to 7 
w x = [ h 5 - h 6 + (1 - y) (h 6 - h 7 ) ] 

= [ 3230.82-2891.6 + 0.805 (2891.6-2192.55)] = 901.95 kJ/kg 
w net = w T - (l-y)w P1 - xw P2 = 901.95 - 0.805 x3.02 - 0.195 x2.45 

= 899.0 kJ/kg 

q H = h 5 - h 4 = 3230.82 - 721.1 = 2509.7 kJ/kg 

0 cycle = W net / 9 h = 899 -° 1 2509 - 7 = °- 358 
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9.57 


Repeat Problem 9.49, but assume a closed instead of an open feedwater heater. A 
single pump is used to pump the water leaving the condenser up to the boiler 
pressure of 3.0 MPa. Condensate from the feedwater heater is drained through a 
trap to the condenser. 

Solution: 


C.V. Turbine, 2nd law: 
s 4 = s 5 = s 6 = 6.9211 kJ/kg K 

h 4 = 3230.82 ,h 5 = 2891.6 
=> x 6 = (6.9211 - 0.6492)/7.501 
= 0.83614 

h 6 = 191.81 +x 6 2392.82 
=2192.55 kJ/kg 



Assume feedwater heater exit at the T of the condensing steam 
C.V Pump 

w P = h 2 - hj = Vj(P 2 - Pj) = 0.00101(3000 - 10) = 3.02 kJ/kg 

h 2 = hj + w P = 191.81 + 3.02 = 194.83 kJ/kg 

T 3 = T sat (P 5 ) = 170.43°C, h 3 = h f = h 7 = 721.1 kJ/kg 

C.V FWH 

• • 

m 5 / m 3 = y, Energy Eq.: h 2 + y h 5 = h 3 + h 7 y 

h 3 -h 2 _ 721,1 - 194.83 _ 
y_ h 5 -h f800 _ 2891.6 -721.1 -°- 2425 

Turbine work with full flow from 4 to 5 fraction 1-y flows from 5 to 6 
w x = h 4 - h 5 + (1 - y)(h 5 - h 6 ) 

= 3230.82 - 2891.6 + 0.7575 (2891.6 - 2192.55) 

= 868.75 kJ/kg 

w net = w T - w P = 868.75 - 3.02 = 865.7 kJ/kg 
q H = h 4 - h 3 = 3230.82 - 721.1 = 2509.7 kJ/kg 
r) cy C ie = w net / q H = 865.7 / 2509.7 = 0.345 
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9.58 

A Rankine cycle feeds 5 kg/s ammonia at 2 MPa, 140°C to the turbine, which has 

an extraction point at 800 kPa. The condenser is at -20°C and a closed feed water 
heater has an exit state (3) at the temperature of the condensing extraction flow 

and it has a drip pump. The source for the boiler is at constant 180°C. Find the 
extraction flow rate and state 4 into the boiler. 


Pj = 190.2 kPa, 
hj = 89.05 kJ/kg 
vj =0.001504 m 3 /kg, 
s 5 = 5.5022 kJ/kg K, 
h 5 = 1738.2 kJ/kg 

T6a = T sat 800 kPa = 17-8 

=> h 6a = 264.18 kJ/kg 



C.V. Turbine: Reversible, adiabatic so constant s from inlet to extraction point 

s 6 = s IN = 5.5022 kJ/kg K => T 6 = 63.4°C, h 6 = 1580.89 kJ/kg 
C.V. PI: w P1 = Vj(P 2 - Pj) = 0.001504(2000 - 190.2) = 2.722 kJ/kg 

=^> h 2 = hj + w P] = 91.772 kJ/kg 

C.V. P2: w P2 = v 6a (P 4 - P 6 ) = 0.0016108 (2000 - 800) = 1.933 kJ/kg 

=> h 6b = h 6a + w p2 = 266. 1 1 kJ/kg 

C.V. Total FWH and pump (notice h 3 = h 6a as we do not have table for this state) 

The extraction fraction is: y = m 6 /m 4 

Energy: (1 - y)h 2 + yh 6 = (1 - y)h 3 + yh 6a 

h 3 ~ h 2 264.18 - 91.772 

y _ h 3 - h 2 + h 6 - h 6a _ 264.18 -91.772 + 1580.89 - 264.18 “ 0 ' 1158 

m 6 = ym 4 = 0. 1158x5 = 0.5789 kg/s 
C.V. The junction after FWH and pump 2. 

h 4 = (l-y)h 3 + y h 6b = (1- 0. 1 158) x 264. 1 8 + 0. 1 158 x 266. 1 1 = 264.4 kJ/kg 
Interpolate in Table B.2.1: T 4 = 17.92°C 
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9.59 

Assume the powerplant in Problem 9.45 has one closed feedwater heater instead 
of the open FWH. The extraction flow out of the FWH is saturated liquid at 2033 

kPa being dumped into the condenser and the feedwater is heated to 50°C. Find 
the extraction flow rate and the total turbine power output. 

State 1: Xj = 0, hj = 298.25 kJ/kg, Vj = 0.001658 m 3 /kg 

State 3: h 3 = h f + (P 3 -P sat )v f = 421.48 + (5000-2033)0.001777 = 426.75 kJ/kg 

State 5: h 5 = 421.48 kJ/kg, s 5 = 4.7306 kJ/kg K 

State 6: s 6 = s 5 => x 6 = (s 6 - s f )/s fg = 0.99052, h 6 = 1461.53 kJ/kg 

State 6a: x 6a = 0 => h 6a = 421 .48 kJ/kg 

State 7: s 7 = s 5 => x 7 = (s 7 - s f )/s fg = 0.9236, h 7 = 1374.43 kJ/kg 
C.V Pump PI 

w P1 = h 2 - h, = Vl (P 2 - Pj) = 0.001658(5000 - 1003) = 6.627 kJ/kg 
=> h 2 = hj + w pi = 298.25 + 6.627 = 304.88 kJ/kg 

• • 

C.V. Feedwater heater: Call m 6 / m tot = y (the extraction fraction) 

Energy Eq.: h 2 + y h 6 = 1 h 3 + y h 6a 

_ h 3 - h 2 _ 426.75 - 304.88 
y_ h 6 -h 6a “ 1461.53 -421.48 “ 01172 

m ex tr = y m tot = 0.1 172 x 5 = 0.586 kg/s 
Total turbine work 

W x = m tot (h 5 - h 6 ) + (1 - y)m tot (h 6 - h 7 ) 

= 5(1586.3 - 1461.53) + (5 - 0.586)(1461.53 - 1374.43) = 1008 kW 
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9.60 

Assume a variation of the cycle in Problem 9.49 with a closed FWH at 0.8 MPa and one open 
FWH at 100 kPa. A pump is used to bring the water leaving the condenser up to 100 kPa for an 
open FWH and a second pump brings the feedwater up to 3.0 MPa as shown in Fig. P9.60. 
Condensate from the closed FWH is drained through a trap to the open FWH. Calculate the 
thermal efficiency of the cycle and the specific net work. 

Solution: 

This is a Rankine cycle with an open FWH and a closed FWH shown in Fig. P9.60. 
Here state 6 is out of boiler, state 8 is extraction at 100 kPa, state 9 is out of turbine. 

States 1: 10kPa,x = 0: h 3 = 191.81 kJ/kg, Vj = 0.001010 m 3 /kg 

3: 100 kPa, x = 0: h 3 = 417.44 kJ/kg, v 3 = 0.001043 m 3 /kg 
5: 3 MPa, T = T 7a = 170.43°C: h 5 ~ 72 1 . 1 kJ/kg (= h 7a ) 

6: 3 MPa, 400°C: h 6 = 3230.82 kJ/kg, s 6 = 6.9211 kJ/kg-K 
7: 800 kPa, s = s 6 : h 7 = 2891.62 kJ/kg (sup. vapor) 

7a: 800 kPa, x = 0: h 7a = h f = 72 1 . 1 kJ/kg 
8: lOOkPa, s = s 6 : x 8 = (6.9211 - 1.3025)/6.0568 = 0.92765 
h 8 = 417.44 + x 8 2258.02 = 2512.09 kJ/kg 
9: 10 kPa, s = s 6 : x 9 = (6.9211 - 0.6492)/7.501 = 0.83614 
h 9 = 191.81 + x 9 2392.82 = 2192.55 kJ/kg 

C.V Pump PI 

w P1 = h 2 - hj = Vl (P 2 - Pj) = 0.00101(100 - 10) = 0.0909 kJ/kg 
=> h 2 = hj + w pi = 191.81 + 0.0909 = 191.9 kJ/kg 

C.V Pump P2 

w P 2 = h 4 - h 3 = v 3 (P 4 - P 3 ) = 0.001043(3000 - 100) = 3.025 kJ/kg 
h 4 = h 3 + w P 2 = 417.44 + 3.025 = 420.465 kJ/kg 
Since the open FWH has a flow in from the trap we must do that first. 

• • 

C.V. Closed FWH Call m 7 / m tot = yj (the extraction fraction) 

h 5 -h 4 721.1 -420.465 

Energy Eq.: 0 = h 4 - h 5 + yi (h 7 - h 7a ) => y x = h h = 2891 62- 721 1 = °' 1385 

1 / 1 /cl 
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CV Open FWH (3 flows in, 1 flow out) 

Energy Eq.: 0 = y 2 h 8 + y l h 7a + (1 — y 2 — y 2 ) h 2 - h 3 

_ h 3 - y t h 7a - (l- yi ) h 2 417.44 - yi x721.1 - (1- y t ) 191.9 _ 
y2_ h 8 - h 2 " 2512.09- 191.9 -0.0656 

CV Boiler: q H = h 6 -h 5 = 3230.82 - 721.1 = 2509.7 kJ/kg 

CV Turbine w T = h 6 - yj h 7 - y 2 h 8 - (1 - yj - y 2 ) h 9 

= 3230.82 - 0.1385 x 2891.62 - 0.0656 x 2512.09 - 0.7959 x 2192.55 
= 920.487 kJ/kg 

P2 has the full flow and PI has the fraction 1 — y , — y 2 of the flow 

w net = W X - (1 - y l - y 2 ) Wp, - w P 2 

= 920.487 - 0.7959 x 0.0909 - 3.025 = 917.39 kJ/kg 
r) cy C ie = w net / q H = 917.39 / 2509.7 = 0.366 
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Nonideal Cycles 
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9.61 

A steam power cycle has a high pressure of 3.0 MPa and a condenser exit 
temperature of 45 °C. The turbine efficiency is 85%, and other cycle components 
are ideal. If the boiler superheats to 800°C, find the cycle thermal efficiency. 

Solution: 

Basic Rankine cycle as shown in Figure 9.3 in the main text. 

C.V. Turbine: w x = h 3 - h 4 , s 4 = s 3 + s T GEN 

Ideal: Table B. 1.3: s 4 = s 3 = 7.9862 kJ/kg K 

=> x 4s = (7.9862 - 0.6386)/7.5261 = 0.9763 
h 4s = h f + x h fg = 188.42 + 0.9763 x 2394.77 = 2526.4 kJ/kg 
w Ts = h 3 - h 4s = 4146 - 2526.4 = 1619.6 kJ/kg 
Actual: w T AC = r\ x w T s = 0.85 x 1619.6 = 1376.66 kJ/kg 
C.V. Pump: w P = I v dP « Vj(P 2 - Pj) = 0.00101 (3000 - 9.6) = 3.02 kJ/kg 

h 2 = hj + w P = 188.42 + 3.02 = 191.44 kJ/kg 
C.V. Boiler: q H = h 3 - h 2 = 4146 - 191.44 = 3954.6 kJ/kg 

t, = (w x AC - w P )/q H = (1376.66 - 3.02)73954.6 = 0.347 
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9.62 

A Rankine cycle with water superheats to 500°C at 3 MPa in the boiler and the 

condenser operates at 100°C. All components are ideal except the turbine which 

has an exit state measured to be saturated vapor at 100°C. Find the cycle 
efficiency with a) an ideal turbine and b) the actual turbine. 

Standard Rankine cycle l-2-3-4s for ideal turbine. 

Modified Rankine cycle l-2-3-4ac for actual turbine 

Table B.1.1: Vj = 0.001044 m 3 /kg, hj = 419.02 kJ/kg 

h 3 = 3456.48 kJ/kg, s 3 = 7.2337 kJ/kg-K 
State 4s: S 4 s = s 3 = 7.2337 = s f + x 4s Sf g = 1.3068 + x 4s 6.0480 => x 4s = 0.97998 
=> h 4s = h f + x 4s h fg = 419.02 + x 4s 2257.03 = 2630.9 kJ/kg 
State 4ac: h 4ac = h g = 2676.05 kJ/kg 

C.V. Pump: Assume adiabatic, reversible and incompressible flow 
w ps = j v dP = vi(P 2 - Pi) = 3.03 kJ/kg 
h 2 = hj + w p = 419.02 + 3.03 = 422.05 kJ/kg 
C.V. Boiler q B = h 3 - h 2 = 3456.48 - 422.05 = 3034.4 kJ/kg 
C.V. Turbine; w Ts = h 3 - h 4s = 3456.48 - 2630.9 = 825.58 kJ/kg 
Efficiency: r| th = w net / q B = (825.58 - 3.03)/3034.4 = 0.271 

Actual turbine: w Tac = h 3 - h 4ac = 3456.48 - 2676.05 = 780.43 kJ/kg 

Efficiency: q th = w net / q B = (780.43 - 3.03)73034.4 = 0.256 
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9.63 

For the steam power plant described in Problem 9.13, assume the isentropic 
efficiencies of the turbine and pump are 85% and 80%, respectively. Find the 
component specific work and heat transfers and the cycle efficiency. 

Solution: 

This is a standard Rankine cycle with actual non-ideal turbine and pump. 

CV Pump, Rev & Adiabatic: 

w ps = h^ s - hj = v^Pj - Pp = 0.00101(3000 - 10) = 3.02 kJ/kg; s 2s = s l 

W Pac = W Ps 7 ^P = 3 - 02/0 - 8 = 3 ‘ 775 kJ/k § = h 2a “ h l 

h 2a = w pac + hj = 3.775 + 191.81 = 195.58 kJ/kg 
CV Boiler: q H = h 3 - h 2a = 2804.14 - 195.58 = 2608.56 kJ/kg 

C.V. Turbine : w T = h 3 - h 4 ; s 4 = s 3 

s 4 = s 3 = 6.1869 = 0.6492 + x 4 (7.501) => x 4 = 0.7383 
=> h 4 = 191.81 + 0.7383 (2392.82) = 1958.34 kJ/kg 
w Ts = 2804.14 - 1958.34 = 845.8 kJ/kg 
w_ = w_ x ti = 718.9 = h, - h . 

Tac Ts 'T 3 4a 

h 4a = h 3 - w Tac = 2804.14 - 718.9 = 2085.24 kJ/kg 

CV Condenser: q L = h 4a - ^ = 2085.24 - 191.81 = 1893.4 kJ/kg 

w Tac - w Pac 718.9-3.78 
^ cycle “ q H “ 2608.56 “ °’ 274 

This compares to 0.32 for the ideal case. 


Boiler 




state 2s and 2ac nearly the same 
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9.64 

Steam enters the turbine of a power plant at 5 MPa and 400°C, and exhausts to the 
condenser at 10 kPa. The turbine produces a power output of 20 000 kW with an 
isentropic efficiency of 85%. What is the mass flow rate of steam around the 
cycle and the rate of heat rejection in the condenser? Find the thermal efficiency 
of the power plant and how does this compare with a Carnot cycle. 

Solution: W T = 20 000 kW and r| Ts = 85 % 

State 3: h 3 = 3195.6 kJ/kg , s 3 = 6.6458 kJ/kgK 

State 1: Pj = P 4 = 10 kPa , sat liq , x ] = 0 

Tj = 45.8°C , h, = h f = 191.8 kJ/kg , Vj = v f = 0.00101 m 3 /kg 
C.V Turbine energy Eq.: q T + h 3 = h 4 + w T ; q T = 0 

w T = h 3 - h 4 , Assume Turbine is isentropic 

s 4s = s 3 = 6.6458 kJ/kgK , s 4s = s f + x 4s s fg , solve for x 4s = 0.7994 

h 4 S = h f + x 4s h fg = 191.81 + x 4s 2392.82 = 2104.6 kJ/kg 

w T S = h 3 - h 4s = 1091 kJ/kg , w T = iixs w Ts = 927.3 kJ/kg 


. W x 

m = = 21.568 kg/s , h 4 = h 3 - w T = 2268.3 kJ/kg 

Wj 

C.V. Condenser: energy Eq.: h 4 = hj + q c + w c ; w c = 0 


q c = h 4 -h 1 = 2076.5 kJ/kg , Q c = m q c = 44 786 kW 
C.V. Pump: Assume adiabatic, reversible and incompressible flow 

w ps = | v dP = V!(P 2 - Pi) = 5.04 kJ/kg 
energy Eq.: h 2 = hi + w p = 196.8 kJ/kg 

C.V Boiler : energy Eq.: q B + h 2 = h 3 + w B ; w B = 0 

q B = h 3 - h 2 = 2998.8 kJ/kg 
w net = w T - w P = 922.3 kJ/kg 
Oth = w net / q B = 0.307 


Carnot cycle : T H = T 3 = 400°C , T L = T : = 45.8°C 


t h -t l 

Oth - x H 


0.526 
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9.65 

Consider the boiler in Problem 9.21 where the geothermal hot water brings the R- 
134a to saturated vapor. Assume a counter flowing heat exchanger arrangement. 
The geothermal water temperature should be equal to or greater than the R-134a 
temperature at any location inside the heat exchanger. The point with the smallest 
temperature difference between the source and the working fluid is called the 
pinch point. If 2 kg/s of geothermal water is available at 95°C, what is the 
maximum power output of this cycle for R-134a as the working fluid? (hint: split 
the heat exchanger C.V. into two so the pinch point with AT = 0, T = 85°C 
appears). 

2 kg/s of water is available at 95 °C for the boiler. The restrictive factor is the 
boiling temperature of 85° C. Therefore, break the process up from 2-3 into two 
parts as shown in the diagram. 



at 85°C 


CV Pump: Wp = v^Pj-Pj) = 0.000873(2926.2 - 1017.0) = 1.67 kJ/kg 

h 2 = hi + w P = 256.54 + 1.67 = 258.21 kJ/kg 
Write the energy equation for the first section A-B and D-3: 

-Q ab = m H2 o( h A - h B) = 2(397.94 - 355.88) = 84.12 kW 

= mRi34 A (428.1 - 332.65) => m R]34A = 0.8813 kg/s 
To be sure that the boiling temp, is the restrictive factor, calculate T c from the 
energy equation for the remaining section: 

-Q ac = 0.8813(332.65 - 258.21) = 65.60 kW = 2(355.88 - h c ) 
=> h c = 323. 1 kJ/kg, T c = 77.2°C > T 2 = 40°C OK 
CV: Turbine: s 4 = s 3 = 1.6782 = 1.1909 + x 4 x 0.5214 => x 4 = 0.9346 

h 4 = 256.54 + 0.9346 x 163.28 = 409. 14 kJ/kg 
Energy Eq.: w T = h 3 - h 4 = 428.1 - 409.14 = 18.96 kJ/kg 

Cycle: w net = w T - w P = 18.96 - 1.67 = 17.29 kJ/kg 

W NET = m R134A w NET = 0.8813 x 17.29 = 15.24 kW 
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9.66 

Do the previous problem with ammonia as the working fluid. 

A flow with 2 kg/s of water is available at 95°C for the boiler. The restrictive 

factor is the boiling temperature of 85°C. Therefore, break the process up from 2- 
3 into two parts as shown in the diagram. 



State 1: 40°C, 1554.9 kPa, Vl = 0.001725 m 3 /kg 

CV Pump: w P = VjfPj -Pj) = 0.001725(4608.6 - 1554.9) = 5.27 kJ/kg 

h 2 = hi + w P = 371.43 + 5.21 = 376.7 kJ/kg 

-Q ab = m H 20 (h A - h B ) = 2(397.94 - 355.88) = 84.12 kW 

= m „ mn ( 1447.8 - 609.21) => m „ mn = 0.100 kg/s 
To verify that Tq = T 3 is the restrictive factor, find Tq. 

-Qac = 0.100(609.21 - 376.7) = 23.25 = 2.0(355.88 - h c ) 
h c = 344.25 kJ/kg => T c = 82.5°C > T 2 = 40°C OK 
CV: Turbine 

s 4 = s 3 = 4.3901 = 1.3574 + x 4 x 3.5088 => x 4 = 0.8643 

h 4 = 371.43 + 0.8643 x 1098.8 = 1321.13 kJ/kg 
Energy Eq.: 

w x = h 3 - h 4 = 1447.8 - 1321.13 = 126.67 kJ/kg 
w net = w T - w P = 126.67 - 5.27 = 121.4 kJ/kg 

W NET = m amn w NET = 0.1 x 121.4 = 12.14 kW 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 




Borgnakke and Sonntag 


9.67 

A concentrated solar power plant receives the energy from molten salt coming in at 560°C and 

leaving at 300°C in a counterflow heat exchanger where the water comes in at 3 MPa, 60°C and 

leaves at 450°C, 3 MPa. The molten salt has 5 kg/s flow with Cp = 1.5 kJ/kgK. What is the 
possible water flow rate, the rate of energy transfer and rate of entropy generation. 

Continuity Eqs.: Each line has a constant flow rate through it. 

• • 

Energy Eq.4. 10: 0 = m H2 Q (hj - h 2 ) + m salt (h 3 - h 4 ) 

• • • 

Entropy Eq.7.7: 0 = m H2 o (s : - s 2 ) + m salt (s 3 - s 4 ) + S gen 

Process: Each line has a constant pressure. 

Table B.l: hj = 253.61 kJ/kg, h 2 = 3344 kJ/kg, sj = 0.8295, s 2 = 7.0833 kJ/kg-K 
From the energy leaving the salt we get 

Q = m salt ( h 3 - h 4) = m salt C P salt ( T 3 ~ T 4) 

= 5 x 1.5 [560 - 300] = 1950 kW 

h 3 -h 4 _ q _ 1950 kW , 

m H 2 0 - m salt h 2 _ hj " h 2 - hl ~ (3344 - 253.61) kJ/kg “ 0,631 kg/s 

s 4 - s 3 = C P salt In (T 4 /T 3 ) = 1.5 ln(573. 15/833.15) = -0.561 kJ/kgK 

• • • 

Sgen — m H 2 0 ( s 2 — s l) + m salt ( s 4 — s 3) 

= 0.631 kg/s (7.0833 - 0.8295) kJ/kgK + 5 kg/s x (-0.561 kJ/kgK) 

= 1.14 kW/K 


C.V. Heat exchanger, steady flow 1 
inlet and 1 exit for salt and water 
each. The two flows exchange 
energy with no heat transfer to/from 
the outside. 



3 salt 

.|_ 
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9.68 


Look at the pinch point for the heat exchanger in Problem 9.67 the same way it is explained in 
Problem 9.65 and determine the maximum possible water flow rate for a pinch point AT = 10 K. 


C.V. Part of the heat exchanger from the 
salt inlet to state 3a for the salt and then 
from state la for the water to its outlet at 
state 2. 

Pinch point: T 3a = T la + 10 = 243. 9°C 


3a salt 


1 water 


LlaH20A 2 


t 


3 salt 


• • 

Energy Eq.: 0 = m H20 (h la - h 2 ) + m salt (h 3 - h 3a ) 


Q - m salt ( h 3 - h 3a) - m S alt Cp salt (T 3 - T 3a ) 


= 5 X 1.5 X (560 - 243.9) = 2370.75 kW 


Q 2370.75 kW 

mH 2° “ h 2 - hj ~ (3344 - 1008.41) kJ/kg 


= 1.015 kg/s 


Check also for the salt outlet condition, take the missing CV 


Energy Eq.: m H2 o (h la - hj) = m salt C P salt (T 3a - T 4 ) 

1.015 (1008.41 - 253.61) = 5 x 1.5 x (243.9 - T 4 ) 

Solve for T 4 : T 4 = 243.9 - 102 = 141.7°C 

This temperature is too low, the salt would solidify so the pinch point AT should be 
much higher. 
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9.69 

A steam power plant operates with a high pressure of 4 MPa and has a boiler exit 

of 600°C receiving heat from a 750°C source. The ambient at 20°C provides 

cooling to maintain the condenser at 60°C, all components are ideal except for the 
turbine which has an isentropic efficiency of 92%. Find the ideal and the actual 
turbine exit qualities. Find the actual specific work and specific heat transfer in all 
four components. 


Solution: 

A standard Rankine cycle with an actual non-ideal turbine. 

Boiler exit: h 3 = 3674.44 kJ/kg, s 3 = 7.3688 kJ/kg K 

Condenser exit: fq = 251.11 kJ/kg, 

Ideal Turbine: 4s: 50°C, s = s 3 => x 4s = (7.3688 - 0.831 1)/7.0784 = 0.9236, 
h 4s = 251.11 + 0.9236 x 2358.48 = 2429.43 kJ/kg 
=> w Ts = h 3 - h 4s = 1245.01 kJ/kg 

Actual turbine: w Tac = r| T s w Ts = 0.92 x 1245.01 = 1145.4 kJ/kg = h 3 - h 4ac 

h 4ac = h 3 - w Tac = 3674.44 - 1 145.4 = 2529.04 kJ/kg 
x 4ac = (2529.04- 251.1 1)/2358.48 = 0.96585 

Pump: w P = vj( P 2 - Pi) = 0.001017(4000 - 19.94) = 4.05 kJ/kg 

h 2 = h 1 + w P = 251.11 +4.05 = 255.16 kJ/kg 
q H = h 3 - h 2 = 3674.44 - 255.16 = 3419.3 kJ/kg 
q L = h 4ac - hj = 2529.04 - 25 1.1 1 = 2277.9 kJ/kg 
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9.70 

For the previous Problem find also the specific entropy generation in the boiler 
heat source setup. 

CV. Boiler out to the source. 

_ 9h 

Entropy Eq.: s 2 + ^ + s gen = s 3 

source 

State 1: Sat. liquid h 1 = 251.11 kJ/kg, = 0.8311 kJ/kgK 

Pump: w P = V!( P 2 - Pj) = 0.001017(4000 - 19.94) = 4.05 kJ/kg 

State 2: h 2 = hj + w P = 251.11 + 4.05 = 255.16 kJ/kg, s 2 = Sj 

State 3: h 3 = 3674.44 kJ/kg, s 3 = 7.3688 kJ/kgK 

Boiler: q H = h 3 - h 2 = 3674.44 - 255.16 = 3419.3 kJ/kg 

9h 3419.3 

Sgen = s 3 - s 2 -~ = 7.3688 - 0.8311 - „„ = 3.195 kJ/kgK 

- 1 source /jU + Z/J 
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9.71 

Consider the power plant in Problem 9.41. Assume the high temperature source is 

a flow of liquid water at 120°C into a heat exchanger at constant pressure 300 kPa 

and that the water leaves at 90°C. Assume the condenser rejects heat to the 

ambient which is at -20°C. List all the places that have entropy generation and 
find the entropy generated in the boiler heat exchanger per kg ammonia flowing. 


Solution: 

a) The hot water/ammonia boiler. 

b) The condensing ammonia (-15°C) to the ambient (-20°C) heat transfer. 

c) The “feedwater” heater has mixing of a flow at state 6 with a flow at state 2. 

State 3: x 3 = 0, h 3 = 171.65 kJ/kg, v 3 = 0.00156 nrVkg, s 3 = 0.6793 kJ/kgK 

State 5: h 5 = 1614.6 kJ/kg, s 5 = 5.4971 kJ/kg K 
C.V Pump P2 (rev. and adiabatic so s 4 = s 3 ). 

w p2 = h 4 - h 3 = v 3 (P 4 - P 3 ) = 0.00156(1000 - 400) = 0.936 kJ/kg 

=> h 5 -h 4 = h 5 -h 3 -w P2 = 1614.6- 171.65-0.936= 1442 kJ/kg 

• • 

C.V. Boiler: Energy Eq.: 0 = rn amm (h 5 - h 4 ) + m H20 (h in - h ex ) 

_ h 5 -h 4 _ 1442 _ 

m H20 / m amm - h m - h ex _ 503.69 - 376.9 - 1 1 373 


Entropy Eq. : 0 = rn amm (s 4 - s 5 ) + m H20 (s in - s ex ) + S gen 

• • 

^amm — ( s 5 — ^ 4 ) — ( m H20 ^ m ammX s in — ^ ex ) 

= 5.4971 - 0.6793 - 11.373(1.5275 - 1.1924) = 1.007 kJ/kgK 


BOILER 
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9.72 

Repeat Problem 9.43 assuming the turbine has an isentropic efficiency of 85%. 

The physical components and the T-s diagram is as shown in Fig. 9.12 in the main 
text for one open feedwater heater. The same state numbering is used. From the 
Steam Tables: 

State 5: (P, T) h 5 = 4069.8 kJ/kg, s 5 = 7.0544 kJ/kg K, 

State 1: (P, x = 0) h, = 191.81 kJ/kg, v, = 0.00101 m 3 /kg 
State 3: (P, x = 0) h 3 = 762.8 kJ/kg, v 3 = 0.001 127 m 3 /kg 
Pump PI: w P1 = - Pj) = 0.00101 x 990 = 1 kJ/kg 

h 2 = h| + w P1 = 192.81 kJ/kg 
Turbine 5-6: s 6 = s 5 => h 6 = 3013.7 kJ/kg 

w T56,s = h 5 - h 6 = 4069 - 8 - 3013.7 = 1056.1 kJ/k § 

W T56,AC = 1056.1 x °- 85 = 897 - 69 kJ/k S 
W T56,AC = k 5 ' k 6AC => k 6AC = k 5 ' W T56,AC 

= 4069.8 - 897.69 = 3172.11 kJ/kg 


• • • • • 

Feedwater Heater (m TO x = m 5 ): xm 5 h 6AC + (1 - x)m 5 h 2 = m 5 h 3 


=> 


h 3 -h 2 762.8 - 192.81 

x_ h 6 -h 2 _ 3172.11 - 192.81 


0.1913 


To get the turbine work apply the efficiency to the whole turbine, (i.e. the first 
section should be slightly different). 

S 7s = s 6s = s 5 => x 7s = (7.0544 -0.6493)77.5009 = 0.85391, 


h 7s = 191.81 + 0.85391 x 2392.82 = 2235.1 kJ/kg 


w T57,s = h 5 - h 7s = 4069.8 - 2235.1 = 1834.7 kJ/kg 
w T57,ac = w T57,s t = 1559.5 = h 5 - h 7AC => h 7AC = 2510.3 kJ/kg 
Find specific turbine work to get total flow rate 


m 


TOT 


xw 


T56 


W T 5000 

+ (l-x)w x57 “ 0.1913x 897.69 + 0.8087x 1559.5 “ 3,489 kg/s 


Q l = m TOT (l - x)(h 7 - hj) = 3.489 x 0.8087(2510.3 - 191.81) = 6542 kW 
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9.73 

Steam leaves a power plant steam generator at 3.5 MPa, 400°C (fq = 3222.3 

kJ/kg, s 1 = 6.8405 kJ/kg K), and enters the turbine at 3.4 MPa, 375°C (h 2 = 

3165.7 kJ/kg, s 2 = 6.7675 kJ/kg K). The isentropic turbine efficiency is 88%, and 
the turbine exhaust pressure is 10 kPa. Condensate leaves the condenser and 

enters the pump at 35°C, 10 kPa. The isentropic pump efficiency is 80%, and the 
discharge pressure is 3.7 MPa. The feedwater enters the steam generator at 3.6 

MPa, 30°C (h = 129.0 kJ/kg). Calculate the thermal efficiency of the cycle and the 
entropy generation for the process in the line between the steam generator exit 

and the turbine inlet, assuming an ambient temperature of 25°C. 




1: hj = 3222.3 kJ/kg, Sl = 6.8405 kJ/kg K, 

2: h 2 = 3 165 .7 kJ/kg, s 2 = 6.7675 kJ/kg K 

3s: s 3S = s 2 => x 3S = 0.8157, h 3S = 2143.6 kJ/kg 
w T , s = h 2 - h 3s = 3165.7 - 2143.6 = 1022.1 kJ/kg 

w T,ac = Bt.s w t,s = 899.4 kJ/kg, 3ac: h 3 = h 2 - w T ac = 2266.3 kJ/kg 

w P.s = v f( p 5 - p 4) = 0.001006(3700 - 10) = 3.7 kJ/kg 

w P,ac = w P,s /r lP, s = 4 - 6 kJ/kg 

q H = hj - h 6 = 3222.3 - 129.0 = 3093.3 kJ/kg 

r, = w NEX /q H = (899.4 - 4.6)/3093.3 = 0.289 

C.V. Line from 1 to 2: w = 0, 

Energy Eq.: q = h 2 - fq = 3165.7 - 3222.3 = - 56.6 kJ/kg 

Entropy Eq.: s, + s gen + q/T 0 = s 2 => 

Sgen = s 2 - si -q/T 0 = 6.7675 - 6.8405 - (-56.6/298.15) = 0.117 kJ/kg K 
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9.74 

Find the entropy generation per unit mass leaving the open FWH in Problem 9.40 
The setup follows Fig. 9. 12 

States : h 2 = 419.02, h 6 = 2827.86, h 3 = 762.79 all kJ/kg 

s 2 = 1.3068, s 6 = 6.6939, s 3 = 2.1386 (x = 0 at 1 MPa) all kJ/kg-K 

Analyze the FWH which leads to Eq.9.5: 

• • 

y = m 6 /m 5 the extraction fraction 

h 3- h 2 762.79-419.02 

y “ h 6 - h 2 “ 2827.86 - 419.02 “ °' 1427 

Entropy eq. scaled to flow at 3: 0 = y + (1 - y) S2 - S3 + s gen 
s gen = s 3-y s 6-( 1 -y) s 2 

= 2.1386 - 0.1427 x 6.6939 - (1 - 0.1427) x 1.3068 

= 0.063 kJ/kgK 
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9.75 

Find the rate of entropy generation in the closed FWH in Problem 9.51 

The schematic from Figure 9.13 has the feedwater from the pump coming at state 
2 being heated by the extraction flow coming from the turbine state 6 so the 
feedwater leaves as saturated liquid state 4 and the extraction flow leaves as 
condensate state 6a. 



From table B.l 

h kJ/kg 

s kJ/kg-K 

B.l. 4: 

100°C, 20 MPa 

h 2 = 434.04 

1.2917 

B.1.4: 

200°C, 20 MPa 

h 4 = 860.47 

2.3031 

B.l. 3: 

4 MPa, 275°C 

h 6 = 2880.39 

6.2145 

B.l. 2: 

4 MPa, sat. liq. 

h 6a = 1087.29 

2.7963 


C.V. Feedwater Heater 


Energy Eq. : m 2 h 2 + m 6 h 6 = m 2 h 4 + m 6 h 6a 


Entropy Eq.: 0 = m 2 s 2 + m 6 s 6 - m 2 s 4 - m 6 s 6a + S gen 
Since all four states are known we can solve for the extraction flow rate 

. h 2 - h 4 434.04 - 860.47 
” 6 = m2 = 20 1087.29 - 2880.39 k « /s = 4 ' 756 k « /s 


Sgen = m 2 (s 4 - s 2 ) + m 6 (s 6a - s 6 ) 

= 20 (2.3031 - 1.2917) + 4.756 (2.7963 - 6.2145) 
= 20.228 - 16.257 = 3.971 kW/K 
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9.76 

A cogenerating steam power plant, as in Fig. 9.19, operates with a boiler output of 
25 kg/s steam at 7 MPa, 500°C. The condenser operates at 7.5 kPa and the 
process heat is extracted as 5 kg/s from the turbine at 500 kPa, state 6 and after 
use is returned as saturated liquid at 100 kPa, state 8. Assume all components are 
ideal and find the temperature after pump 1, the total turbine output and the total 
process heat transfer. 

Solution: 

Pump 1: Inlet state is saturated liquid: hj = 168.79 kJ/kg, v, = 0.001008 m 3 /kg 

w P1 = j v dP = vj ( P 2 - Pj) = 0.001008( 100 - 7.5) = 0.093 kJ/kg 

w pi = h 2 - h 1 => h 2 = hj + w P1 = 168.88 kJ/kg, T 2 = 40.3°C 

Turbine: h 5 = 3410.3 kJ/kg, s 5 = 6.7974 kJ/kg K 

P 6 , s 6 = s 5 => x 6 = 0.9952, h 6 = 2738.6 kJ/kg 

P 7 , s 7 = s 5 => x 7 = 0.8106, h 7 = 2119.0 kJ/kg 

From the continuity equation we have the full flow from 5 to 6 and the remainder 
after the extraction flow is taken out flows from 6 to 7. 

W T = m 5 ( h 5 - h 6 ) + 0.80m 5 ( h 6 - h 7 ) = 25 (3410.3 - 2738.6) 

+ 20 (2738.6 - 21 19) = 16 792.5 + 12 392 = 29.185 MW 

Qproc = m 6 (h 6 - h 8 ) = 5(2738.6 - 417.46) = 11.606 MW 
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9.77 

A steam power plant has 4 MPa, 500°C into the turbine and to have the condenser 
itself deliver the process heat it is run at 101 kPa. How much net power as work is 
produced for a process heat of 13 MW. 

Solution: 

From the Rankine cycle we have the states: 

1: 101 kPa, x = 0, Vj = 0.001043 m 3 /kg, hj = 418.6 kJ/kg 
3: 4 MPa, 500°C , h 3 = 3445.2 kJ/kg, s 3 = 7.090 kJ/kg K 

C.V. Turbine: s 4 = s 3 => x 4 = (7.090 - 1.3068)/6.048 = 0.9562, 

h 4 = 419.02 + 0.9562 x 2257.03 = 2577.2 kJ/kg 
w x = h 3 - h 4 = 3445.2 - 2577.2 = 868 kJ/kg 
C.V. Pump: w P = v,(P 2 - Pj) = 0.001043(4000 - 101) = 4.07 kJ/kg 

w P = h 2 -h 1 => h 2 = 419.02 + 4.07 = 423.09 kJ/kg 
C.V. Condenser: q Lout = h 4 - hj = 2577.2 - 419.02 = 2158.2 kJ/kg 

m = Q proc /q l ()Lll = 13 000 kW / 2158.2 kJ/kg = 6.023 kg/s 

W T = m (w x - w P ) = 6.023 (868 - 4.07) = 5203 kW 


Boiler 
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9.78 

Steam must be generated at 150°C for process heat in a food production facility. 
This is done in a combined heat and power system as extraction steam from the 
turbine. Assume the standard cycle has a turbine inlet of 3 MPa, 450°C and 60°C 
in the condenser. What pressure should be used for the extraction so there is a 
maximum of process heat at 150°C available and the least amount of turbine work 
lost? 

Most energy will be available if the extraction flow can condense at 150°C. Since 
the flow through the turbine follows from 5 to 6 to 7 the extraction point is 
selected as the saturation pressure for the 150°C. 

P 6 = P sat 150C = 476 kPa 

As s 5 = 7.0833 > s g 150 c = 6.8378 kJ/kg-K, state 6 is superheated vapor. 


Steam generator 

— I- 



Turbine 


— 4 w 


Thermal 

process 



:z > ^=> 


W 


T 


Condenser J. 
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9.79 

A 15 kg/s steady supply of saturated-vapor steam at 500 kPa is required for drying 
a wood pulp slurry in a paper mill. It is decided to supply this steam by 
cogeneration, that is, the steam supply will be the exhaust from a steam turbine. 
Water at 20°C, 100 kPa, is pumped to a pressure of 5 MPa and then fed to a steam 
generator with an exit at 400°C. What is the additional heat transfer rate to the 
steam generator beyond what would have been required to produce only the 
desired steam supply? What is the difference in net power? 

Solution: 

Desired exit State 4: P 4 = 500 kPa, sat. vap. => x 4 = 1.0, T 4 = 151. 9°C 
h 4 = h g = 2748.7 kJ/kg, s 4 = s g = 6.8212 kJ/kg-K 

Inlet State: 20°C, 100 kPa hj = h f = 83.94 kJ/kg, Vl = v f = 0.001002 m 3 /kg 

Without Cogeneration; The water is pumped up to 500 kPa and then heated in 
the steam generator to the desired exit T. 

C.V. Pump: w Pw/o = v,( P 4 - Pj) = 0.4 kJ/kg 

h 2 = hj + w Pw/o = 84.3 kJ/kg 

C.V. Steam Generator: q w/o = h 4 - h 2 = 2664.4 kJ/kg 

With Cogeneration; The water is pumped to 5 MPa, heated in the steam 
generator to 400°C and then flows through the turbine with desired exit state. 

C.V. Pump: w Pw = j vdP = v,( P 2 - Pj) = 4.91 kJ/kg 

h 2 = hj + w Pw = 88.85 kJ/kg 

C.V. Steam Generator: Exit 400°C, 5 MPa => h 3 = 3195.64 kJ/kg 
q w = h 3 - h 2 = 3195.64 - 88.85 = 3106.8 kJ/kg 
C.V.: Turbine, Inlet and exit states given 

w t = h 3 - h 4 = 3195.64 - 2748.7 = 446.94 kJ/kg 

Comparison 

Additional Heat Transfer: q w - q w/o = 3106.8 - 2664.4 = 442.4 kJ/kg 

Qextra “ m(q w - q w/0 ) = 6636 kW 
Difference in Net Power: w diff = (w t - w Pw ) + w Pw/o , 
w di ff = 446.94 - 4.91 + 0.4 = 442.4 kJ/kg 

Wdiff = rriw diff = 6636 kW 

By adding the extra heat transfer at the higher pressure and a turbine all the extra 
heat transfer can come out as work (it appears as a 100% efficiency) 
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9.80 

In a cogenerating steam power plant the turbine receives steam from a high- 
pressure steam drum (h = 3445.9 kJ/kg, s = 6.9108 kJ/kgK) and a low-pressure 
steam drum (h = 2855.4 kJ/kg, s = 7.0592 kJ/kgK) as shown in Fig. P9.80. For the 
turbine calculation assume a mass weighted average entropy and neglect entropy 
generation by mixing. The condenser is made as two closed heat exchangers used 
to heat water running in a separate loop for district heating. The high-temperature 
heater adds 30 MW and the low-temperature heater adds 3 1 MW to the district 
heating water flow. Find the power cogenerated by the turbine and the 
temperature in the return line to the deaerator. 

Solution: 


Inlet states from Table B.1.3 
hi = 3445.9 kJ/kg, Sj = 6.9108 kJ/kg K 

h 2 = 2855.4 kJ/kg, s 2 = 7.0592 kJ/kg K 

m T oT = mi + tn 2 = 27 kg/s 
Assume a reversible turbine and the 
two flows can mix without s generation. 



Energy Eq.4.10: 

Entropy Eq.7.7: 
State 3: 

State 4: 


irqtq + m 2 h 2 = m 3 h 3 + m 4 h 4 + W T 

mjSj + m 2 s 2 = m T OT s mix => s MIX = 6.9383 kJ/kg K 
s 3 = s MIX => h 3 = 2632.4 kJ/kg, x 3 = 0.966 
s 4 = s mix => h 4 = 2413.5 kJ/kg, x 4 = 0.899 


W x = 22 x 3445.9 + 5 x 2855.4 - 13 x 2632.4 - 14 x 2413.5 
= 22 077 kW = 22 MW 


District heating line Qtot = m (h 95 - h 60 ) = 60 935 kW 

OK, this matches close enough 

C.V. Both heaters: m 3 h 3 + m 4 h 4 - Qtot = ^tot^ex 

13 x 2632.4 - 14 x 2413.5 - 60 935 = 7075.2 = 27 x h EX 
h EX = 262«h f => T ex = 62.5°C 


Remark: We could have computed the expansion from state 1 to P 2 followed by a 
mixing process to find a proper state 2a from which we expand down to P 3 and P 4 
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9.81 

A boiler delivers steam at 10 MPa, 550°C to a two-stage turbine as shown in Fig. 
9.19. After the first stage, 25% of the steam is extracted at 1.4 MPa for a process 
application and returned at 1 MPa, 90°C to the feedwater line. The remainder of 
the steam continues through the low-pressure turbine stage, which exhausts to the 
condenser at 10 kPa. One pump brings the feedwater to 1 MPa and a second pump 
brings it to 10 MPa. Assume all components are ideal. If the process application 
requires 5 MW of power, how much power can then be cogenerated by the 
turbine? 

Solution: 


5: h 5 = 3500.9, s 5 = 6.7561 kJ/kgK 
First ideal turbine T1 


6: s & = s 5 => h 6 = 2932.4 kJ/kg 


w T1 = h 5 - h g = 568.5 kJ/kg 

Ideal turbine T2 
State 7: s„ = s £ = s c 


6.7561 -0.6492 
7.501 


0.8141 


=> h 7 = 2139.9 kJ/kg 



w T2 = h 6 - h ? = 2932.4 - 2139.9 = 792.5 kJ/kg 

Now do the process heat requirement 

8: h g = 377.3 kJ/kg, approx, from the compressed liq. Table at 500 kPa 

q pR oc = h 6 - h g = 2932.4 - 377.3 = 2555.1 kJ/kg 
m 6 = Q/q PROC = 5000 / 2555.1 = 1.9569 kg/s = 0.25 m TOT 
=> m TOT = m 5 = 7.8275 kg/s, m 7 = m 5 - m 6 = 5.8706 kg/s 
W T = m 5 h 5 - m 6 h 6 - m ? h 7 

= 7.8275 x 3500.9 - 1.9569 x 2932.4 - 5.8706 x 2139.9 

= 9102 kW 
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9.82 

A smaller power plant produces 25 kg/s steam at 3 MPa, 600°C, in the boiler. It 
cools the condenser to an exit of 45°C and the cycle is shown in Fig. P9.82. An 
extraction is done at 500 kPa to an open feedwater heater, in addition a steam 
supply of 5 kg/s is taken out and not returned. The missing 5 kg/s water is added 
to the feedwater heater from a 20°C, 500 kPa source. Find the needed extraction 
flow rate to cover both the feedwater heater and the steam supply. Find the total 
turbine power output. 

Solution: 

The states properties from Tables B.1.1 and B.1.3 

1 : 45°C, x = 0: hj = 188.42 kJ/kg, v 2 = 0.00101 m 3 /kg, P sat = 9.59kPa 

5: 3.0 MPa, 600°C: h 5 = 3682.34 kJ/kg, s 5 = 7.5084 kJ/kg K 

3: 500 kPa, x = 0: h 3 = 640.21 kJ/kg 8: h 8 = 84.41 kJ/kg 

6: 500 kPa, s 6 = s 5 from HP turbine, h 6 = 3093.26 kJ/kg 
C.V. Pump 1. Reversible and adiabatic. Incompressible so v = constant 
Energy: w pl = h 2 - hj = j v dP = v 1 (P 2 - Pi) 

= 0.00101 (500 - 9.6) = 0.495 kJ/kg 
h 2 = hj + w p i = 188.42 + 0.495 = 188.915 kJ/kg 
C.V. Turbine sections 

Entropy Eq.: S7 = s 5 = 7.5084 kJ/kg K => two-phase state 
s 7 = 7.5084 = 0.6386 + x 7 x 7.5261 => x 7 = 0.9128 
h 7 = 188.42 + 0.9128 x 2394.77 = 2374.4 kJ/kg 

C.V. Feedwater heater, including the make-up water flow, y = m 6 /m 5 . 

Energy eq.: m 8 h 8 + (m 5 - m 6 )h 2 + (m 6 - m 8 )h 6 = m 5 h 3 

Divide by m 5 and solve for y 

h 3 - h 2 + (h 6 - h 8 ) m 8 / m 5 640.21 - 188.915 + (3093.26 - 84.41)5/25 
y_ h 6 -h 2 _ 3093.26- 188.915 

= 0.3626 

mg = y 1115 = 0.3626 x 25 = 9.065 kg/s 
C.V. Turbine energy equation 

W T = m 5 h 5 - m 6 h 6 - m ? h 7 

= 25 x 3682.34 - 9.065 x 3093.26 - 16.935 x 2374.4 

= 26 182 kW 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Refrigeration cycles 
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9.83 

A refrigeration cycle as in Fig. 9.23 can be used for cooling or for heating 
purposes using one of the two heat exchangers. Suppose a refrigerator should cool meat 
at -10°C in a 30°C hot kitchen what are the minimum high and maximum low pressures 
in the cycle if the working substance is a) R-134a or b) R-410A. 


Ideal refrigeration cycle 

r F _ Qf)°P 
x cond ^ 

T eV ap = -10 O C = T 1 
Properties from Tbl. B.4 + B.5 



The condensing temperature, T 3 , must be minimum 30°C to move a heat transfer 

to the kitchen air. The low temperature in the evaporator must at most -10°C to 
be able to extract energy from the cold space. 

R-134a, B.5: 

Phi > P 3 = P sat (30°C) = 771 kPa 
Plow < Pi =P sat (-10°C) = 201.7 kPa 

R-410A, B.4: 

P hi > P 3 = P sat (30°C) = 1885 kPa 
Plow < Pi = P sat (-10°C) = 573 kPa 
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9.84 

A refrigerator with R-134a as the working fluid has a minimum temperature of 
-10°C and a maximum pressure of 1 MPa. Assume an ideal refrigeration cycle as 
in Fig. 9.23. Find the specific heat transfer from the cold space and that to the hot 
space, and the coefficient of performance. 

Solution: 

Exit evaporator sat. vapor -10°C from B. 5.1: h : = 392.28, s 1 = 1.7319 kJ/kgK 
Exit condenser sat. liquid 1 MPa from B.5.1: h 3 = 255.60 kJ/kg 
Compressor: S 2 = S! & P 2 from B.5.2 => h 2 ~ 425.68 kJ/kg 
Evaporator: q L = h 1 - h 4 = h 1 - h 3 = 392.28 - 255.60 = 136.7 kJ/kg 

Condenser: q H = h 2 - h 3 = 425.68 - 255.60 = 170.1 kJ/kg 

COP: p = q L /w c = q L /(q H - q L ) = 4.09 


Ideal refrigeration cycle 
P cond = P 3= P 2 = 1 MPa 
T eV ap = -10 O C = T 1 

Properties from Table B.5 
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9.85 

Repeat the previous Problem with R-410A as the working fluid. Will that work in 
an ordinary kitchen? 

Solution: 

Exit evaporator sat. vapor -10°C from B.4.1: h 1 = 275.78, S| = 1.0567 kJ/kgK 
Exit condenser sat. liquid 1 MPa from B.4.1: h 3 = 68.92 kJ/kg 
Compressor: s 2 = s 1 & P 2 from B.4.2 =^> h 2 « 290.81 kJ/kg 
Evaporator: q L = h 1 - h 4 = h 1 - h 3 = 275.78 - 68.92 = 206.9 kJ/kg 

Condenser: q H = h 2 - h 3 = 290.81 - 68.92 = 221.9 kJ/kg 

COP: p = q L /w c = q L /(q H - q L ) = 13.8 


Ideal refrigeration cycle 
P cond = p 3= P 2 = 1 MPa 

T evap = -10°C = T : 
Properties from Table B.4 



The 1 MPa is too small, the condensing temperature is 7.25°C and the q H in the 
condenser can not be rejected to a kitchen normally at 20°C. 
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9.86 

The natural refrigerant carbon dioxide has a fairly low critical temperature. Find 
the high temperature, the condensing temperature and the COP if it is used in a 
standard cycle with high and low pressures of 6 MPa and 3 MPa. 

Exit evaporator x = 1 and 3 MPa from B.3.2: 

hi = 320.71 kJ/kg, Sl = 1.2098 kJ/kgK 
Exit condenser saturated liquid 6 MPa from B.3.1: 

T 3 = 22°C, h 3 = 150 kJ/kg 

Exit compressor: 6 MPa, s = s 1? so interpolate in B.3.2 

T 2 = 45.9°C, h 2 = 348.24 kJ/kg 


COP: 


p w c h 2 - hj 


Remark: The condensing T is too low for a standard refrigerator it can not push 
the heat transfer to the room which may be hotter than that. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful . 



Borgnakke and Sonntag 


9.87 

Consider an ideal refrigeration cycle that has a condenser temperature of 45 °C 
and an evaporator temperature of-15°C. Determine the coefficient of 
performance of this refrigerator for the working fluids R-134a and R-410A. 


Solution: 


Ideal refrigeration cycle 
Tcond = 45°C = T 3 

T — -1 — T 

1 e vap “ 1 J ^ ~~ 1 1 



Compressor 


Exp. valve 
Evaporator 


Property for: 

R-134a, B.5 

R-410A, B.4 

h | , kJ/kg 

389.2 

273.9 

s 2 = s 1; kJ/kg K 

1.7354 

1.0671 

P 2 , MPa 

1.16 

2.7283 

t 2 , °c 

51.8* 

71.5** 

h 2 , kJ/kg 

429.9* 

322.72** 

w c = h 2 - h t 

40.7 

48.82 

h 3 = h 4 , kJ/kg 

264.11 

133.61 

q L = hi - h 4 

125.1 

140.29 

P = qi/ w c 

3.07 

2.87 


* For state 2 an interpolation between 1 and 1.2 MPa is needed for 1.16 MPa: 
At 1 MPa, s= 1.7354 : T = 45.9°C and h = 426.8 kJ/kg 

At 1.2 MPa, s = 1.7354 : T = 53.3 °C and h = 430.7 kJ/kg 

** For state 2 an interpolation between 2 and 3 MPa is needed for 2.728 MPa: 
At 2 MPa, s = 1.0671 : T = 54.68 °C and h = 313.942 kJ/kg 

At 3 MPa, s = 1.0671 : T = 77.80 °C and h = 326.0 kJ/kg 

It would make more sense to use the CATT3 program. 
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9.88 

Do problem 9.87 with ammonia as the working fluid. 


Solution: 


Ideal refrigeration cycle 
Tcond = 45°C = T, 


T — -1 — T 

1 evap “ 1J M 



State 1: tq = 1424.6 kJ/kg, = 5.5397 kJ/kg-K 

State 2: s = s 1? P 2 = 1782 kPa, T 2 = 135. 1°C, h 2 = 1731.3 kJ/kg 

For state 2 an interpolation between 1.6 and 2 MPa is needed for 1.782 MPa: 
At 1.6 MPa, s = 5.5397 : T = 126.0 °C and h = 1712.2 kJ/kg 
At 2.0 MPa, s = 5.5397 : T = 146. 1°C and h = 1754.1 kJ/kg 
It would make more sense to use the CATT3 program. 

w c = h 2 - hj = 1731.3 - 1424.6 = 306.7 kJ/kg 
State 3-4: h 4 = h 3 = 396.3 kJ/kg q L = h 1 - h 4 = 1028.3 kJ/kg 

p = q L /w c = 3.353 
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9.89 

A refrigerator receives 500 W of electrical power to the compressor driving the 
cycle flow of R-134a. The refrigerator operates with a condensing temperature of 

40°C and a low temperature of -5°C. Find the COP for the cycle and its cooling 
capacity. 


Solution: 


Ideal refrigeration cycle 
Tcond = 40°C = T 3 


T — -S°P — T 
1 evap o ^ 1 1 


Properties from Table B.5 



Exit evaporator sat. vapor -5°C from B.5.1: hj = 395.3 kJ/kg, s 1 = 1.7288 kJ/kgK 

Compressor: 82 = 8 ! & P 2 from B.5. 2 => T 2 = 45°C, h 2 « 425 kJ/kg 
w c = h 2 - hj = 425 - 395.3 = 29.7 kJ/kg 
Exit condenser sat. liquid P 2 = P 3 = 1017 kPa from B.5.1: h 3 = 256.50 kJ/kg 
Evaporator: q L = h 1 - h 4 = fq - h 3 = 395.3 - 256.50 = 138.8 kJ/kg 

Condenser: q H = h 2 - h 3 = 425 - 256.5 = 168.5 kJ/kg 

COP: p = q L /w c = q L /(q H - q L ) = 138.8 / 29.7 = 4.67 

Ql = p W = 4.67 x 500 W = 2335 W = 2.3 kW 
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9.90 

A new air-conditioner using R-410A is used in heat pump mode. The high 
pressure is 2000 kPa and the low pressure is 400 kPa. It warms a house at 20°C driven by 
an electric power input of 2 kW in an ambient at -5°C. Find the COP, the heating rate and 
the rate of entropy generation for the heat pump. 


Exit evaporator sat. vapor 400 kPa from B.4.2: hj = 271.9, S| = 1.0779 kJ/kgK 

Exit condenser sat. liquid 2 MPa (32.3 1°C) from B.4.1: h 3 = 110.21 kJ/kg 
Compressor: s 2 = s 1 & P 2 from B.4.2 => h 2 « 317.43 kJ/kg 
Evaporator: q L = h 1 - h 4 = tq - h 3 = 271.9 - 110.21 = 161.69 kJ/kg 

Condenser: q H = h 2 - h 3 = 317.43 - 110.21 = 207.22 kJ/kg 

Compressor: w c = h 2 - hj = 317.43 - 271.9 = 45.53 kJ/kg 
COP: p = q H /w c = 207.22/45.53 = 4.55 


Heating rate: Q H = p W = 4.55 x 2 = 9.1 kW 

CV: The A/C unit including the two heat exchangers. 
Energy: 0 = q L - q H + w c 

Entropy: 0 = q L /T amb - q H /T house + s gen 



9.1 kW 

Qf l^house " Ql/ T amb — 293 15 K 


(9.1 -2) kW 
268.15 K 


= 0.00456 kW/K 


Ideal refrigeration cycle 
P cond = P 3= p 2 = 2 MPa 
T evap = -19.98°C = T 1 

Properties from Table B.4 



Comment: The entropy generation does not include the heat loss from the house to the 
ambient (this is why we heat a house) if that was included then q L comes in at T amb and 

q H leaves at T amb so the total entropy generation becomes w/T am b . 
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9.91 

Consider the heat pump in the previous problem. Repeat the questions for a 
system with an actual compressor with an exit state of 2000 kPa, 65 °C. 

Exit evaporator sat. vapor 400 kPa from B.4.2: hj = 271.9, Sj = 1.0779 kJ/kgK 
Ideal Compressor: §2 = 8! & P 2 from B.4.2 => h 2 « 317.43 kJ/kg 

w c = h 2 - hj = 317.43 - 271.9 = 45.53 kJ/kg 
Actual compressor exit: h 2 ac = 326.27 kJ/kg, s 2 = 1 . 1043 kJ/kg-K 
Actual Compressor: w c ac = h 2 ac - h 1 = 326.27 - 271.9 = 54.37 kJ/kg 

Exit condenser sat. liquid 2 MPa (32.3 1°C) from B. 4.1: h 3 = 110.21 kJ/kg 
Condenser: q H = h 2 ac - h 3 = 326.27 - 110.21 = 216.06 kJ/kg 

Evaporator: q L = h 1 - h 4 = h 1 - h 3 = 271.9 - 110.21 = 161.69 kJ/kg 

COP: p = q H /w c ac = 216.06/54.37 = 3.974 

Heating rate: Q = p W = 3.974 x 2 kW = 7.95 kW 
CV: The A/C unit including the two heat exchangers. 

Energy: 0 = q L - q H + w c 

Entropy: 0 = q L /T amb - q H /T h0 use + s gen 

7.95 kW (7.95 -2) kW 

^gen = QH^house “ Qi/T am b = 293.15 K _ 268.15 K = kW/K 


Actual refrigeration cycle 
P cond = P 3= P 2 = 2 MPa 
T evap = -19.98°C = T 1 

Properties from Table B.4 



Comment: The entropy generation does not include the heat loss from the house to the 
ambient (this is why we heat a house) if that was included then q L comes in at T amb and 

q H leaves at T amb so the total entropy generation becomes w/T amb . 
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9.92 

A heat pump for heat upgrade uses ammonia with a low temperature of 25 °C and 
a high pressure of 5000 kPa. If it receives 1 MW of shaft work what is the rate of 
heat transfer at the high temperature? 


State 1: Table B. 2.1 h 1 = 

State 3: Table B. 2.1 h 3 = 

Entropy compressor: s 2 = s , 
Energy eq. compressor: 
Energy condenser: 


1463.5 kJ/kg, Sl = 5.0293 kJ/kgK 
h f = 631.9 kJ/kg 

=> T 2 = 156°C, h 2 = 1709.1 kJ/kg 
w c = ^2 ' hi = 245.6 kJ/kg 
q H = h 2 - h 3 = 1077.2 kJ/kg 


Scaling to power input: 


Qh = 9h 


W 


w 


IN 

C 


1000 

= 1077.2 kJ/kg x 245^6 kg/s 


= 4386 kW 
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9.93 

Reconsider the heat pump in the previous problem. Assume the compressor is 
split into two, first compress to 2000 kPa, then take heat transfer out at constant P 
to reach saturated vapor then compress to the 5000 kPa. Find the two rates of heat 
transfer, at 2000 kPa and at 5000 kPa for a total of 1 MW shaft work input. 



State 1: Table B.2.1 fq = 1463.5 kJ/kg, s t = 5.0293 kJ/kgK 

State 3: Table B.2.1 h 3 = h f = 631.9 kJ/kg 

Entropy compressor 1: s 2a = s 1 => T 2a = 75.3°C, h 2a = 1559.1 kJ/kg 
Energy eq. compressor 1: w ci = h 2a - fq = 1559.1 - 1463.5 = 95.6 kJ/kg 

Exit heat exchanger 1: h 2b = 1471.5 kJ/kg, s 2b = 4.768 kJ/kgK 

Entropy compressor 2: s 2c = s 2b => T 2c = 124. 3°C, h 2c = 1601.37 kJ/kg 
Energy eq. compressor 2: w C2 = h 2c - h 2b = 1601.37 - 1471.5 = 129.87 kJ/kg 


Total power input: 


W IN = m (w cl + w C2 ) => 


Heat exchanger 1 : 
Heat exchanger 2: 


W 


IN 


1000 


m = 


W C1 + W C2 


“95.6 + 129.87 “ 44352 kg/s 


Q H1 = m(h 2a - h 2b ) = 4.4352(1559.1-1471.5) = 388.5 kW 


Q H2 = m(h 2c - h 3 ) = 4.4352(1601.37-631.9) = 4299.8 kW 
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9.94 

A refrigerator with R-134a as the working fluid has a minimum temperature of 
-10°C and a maximum pressure of 1 MPa. The actual adiabatic compressor exit 
temperature is 50°C. Assume no pressure loss in the heat exchangers. Find the 
specific heat transfer from the cold space and that to the hot space, the coefficient 
of performance and the isentropic efficiency of the compressor. 

Solution: 

State 1: Inlet to compressor, sat. vapor -10°C, 
hj = 392.28, Si = 1.7319 kJ/kgK 
State 2: Actual compressor exit, h 2AC = 431.24 kJ/kg 
State 3: Exit condenser, sat. liquid 1 MPa, h 3 = 255.60 kJ/kg 
State 4: Exit valve, h 4 = h 3 

C.V. Evaporator: q L = fq - h 4 = h 1 - h 3 = 392.28 - 255.60 = 136.7 kJ/kg 

C.V. Ideal Compressor: w cs = h 2s -h 1 , s 2 S = s 1 

State 2s: 1 MPa, s = 1.7319 kJ/kg K; T 2 S = 44.9°C, h 2 s = 425.7 kJ /kg 

w c,s = h 2 ,s ' h t = 33.42 kJ/kg 
C.V. Actual Compressor: w c = h 2 AC - fq = 38.96 kJ/kg 

q L 

p = — = 3.51, r| c = w c s /w c = 0.858 

c 

C.V. Condenser: q H = h 2 AC - h 3 = 186.3 kJ/kg 


Ideal refrigeration cycle 
with actual compressor 

Pcond = p 3= P 2 = 1 MPa 

T 2 ac = 50°C 
T evap = -10°C = T : 
Properties from Table B.5 
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9.95 

An air-conditioner in the airport of Timbuktu runs a cooling system using R-410A 
with a high pressure of 1 800 kPa and a low pressure of 200 kPa. It should cool 

the desert air at 45°C down to 15°C. Find the cycle COP. Will the system work? 


Solution: 

Ideal refrigeration cycle 

P cond = P 2 = P 3 = 1800 kPa 

P — P 
1 evap “ 1 1 



State 1: Tj = -37.0°C, hj = 264.27 kJ/kg, Sl = 1.1192 kJ/kg-K 

State 2: P 2 = 1800 kPa, s 2 = sp T 2 = 63.6°C, h 2 = 327.9 kJ/kg 

w c = h 2 - hj = 327.9 - 264.27 = 63.63 kJ/kg 

State 3-4: P 4 = P 3 , x 3 = 0: T 3 = 28.22°C, h 4 = h 3 = 103.096 kJ/kg 

q L = h, - h 4 = 264.27 - 103.096 = 161.17 kJ/kg 
p = q L /w c = 161.17/63.63 = 2.53 


The heat rejection from 2-3 to ambient at 45°C has T 3 = 28.22°C not hot enough 
so the system will not work. The high pressure must be so also T 3 > 45°C. 
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9.96 

A heat pump uses R410a with a high pressure of 3000 kPa and an evaporator 

operating at -10°C so it can absorb energy from underground water layers at 4°C. 
Find the COP and the temperature it can deliver energy at. 

Solution: 

Ideal refrigeration cycle 
R-410A 

Pcond = P 2 = P 3 = 3000 kPa 
T evap = -10°C = T 1 


State 1: hj = 275.78 kJ/kg, s t = 1.0567 kJ/kg-K 

State 2: P 2 , s 2 = Sj: T 2 = 75. 3°C, h 2 = 322.43 kJ/kg 

w c = h 2 - hj = 322.43 - 275.78 = 46.65 kJ/kg 

State 3-4: h 3 = h 4 , x 3 = 0: T 3 = 49.07°C, h 4 = h 3 = 141.78 kJ/kg 

q H = h 2 - h 3 = 322.43 - 141.78 = 180.65 kJ/kg 

0 180.65 

p - q H /w c - ££ - 3.87 

It can deliver heat at about 49°C = T 3 (minus a AT for the heat transfer rate) a 
smaller amount of heat is delivered between T 2 and T 3 . 
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9.97 


Consider an ideal heat pump that has a condenser temperature of 50°C and an 
evaporator temperature of 0°C. Determine the coefficient of performance of this 
heat pump for the working fluids R-134a and ammonia. 


Solution: 

Ideal heat pump 
Tcond = 50°c = T 3 

r T' _ nOp _ r r. 

1 evap ~~ w ^ “ 1 1 



c.v. 

Property for: 
From Table: 

R-134a 

B.5 

nh 3 

B.2 


h | , kJ/kg 

398.36 

1442.32 

Compressor 

82 = 8!, kJ/kgK 

1.7262 

5.3313 


P 2 , MPa 

1.3181 

2.0333 


t 2 , °c 

55.1 

115.6 


h 2 , kJ/kg 

429.55 

1672.84 


w c = h 2 - h. 

31.19 

230.52 

Exp. valve 

h 3 = h 4 , kJ/kg 

271.83 

421.58 

Condenser 

q H = h 2 - h 3 

157.72 

1251.26 


P' = qH /w c 

5.06 

5.428 
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9.98 

A refrigerator in a meat warehouse must keep a low temperature of -15°C and the 
outside temperature is 20°C. It uses ammonia as the refrigerant which must 
remove 5 kW from the cold space. Find the flow rate of the ammonia needed 
assuming a standard vapor compression refrigeration cycle with a condenser at 
20°C. 

Solution: 

Basic refrigeration cycle: T 1 = T 4 = -15 0 C, T 3 = 20°C 

Table B. 3: h 4 = h 3 = 274.3 kJ/kg; h 1 = h g = 1424.6 kJ/kg 

Ql = m amm x q L = m amm (h, - h 4 ) 
q L = 1424.6 - 274.3 = 1150.3 kJ/kg 

m amm = 5.0 kW/ 1 150.3 kJ/kg = 0.00435 kg/s 


Ideal refrigeration cycle 

r F _ on 0 p 
1 cond — ^ 


T — -1 — T 

1 e vap “ 1 J ^ ~~ 1 1 


Properties from Table B.2 
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9.99 

A refrigerator has a steady flow of R-410A as saturated vapor at -20°C into the 
adiabatic compressor that brings it to 1400 kPa. After the compressor, the 
temperature is measured to be 60°C. Find the actual compressor work and the 
actual cycle coefficient of performance. 

Solution: 

Table B.4.1: hj = 271.89 kJ/kg, Sj = 1.0779 kJ/kg K 

P 2 = P 3 = 1400 kPa, T 3 = 18.88°C, h 4 = h 3 = h f = 87.45 kJ/kg 
h 2 ac = 330.07 kJ/kg 
C.V. Compressor (actual) 

Energy Eq.: w c ac = h 2 ac - h 1 = 330.07 - 271.89 = 58.18 kJ/kg 

C.V. Evaporator 

Energy Eq.: q L = h r h 4 = h r h 3 = 271.89 - 87.45 = 184.44 kJ/kg 


q L 184.44 
P-Wc,,- 58.18 


= 3.17 


Ideal refrigeration cycle 
with actual compressor 

T cond = 18.88°C = T sat 1400 kPa 

T 2 = 60°C 

T evap = -20°C = Tj 
Properties from Table B.4 
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9.100 

The air conditioner in a car uses R-134a and the compressor power input is 1.5 kW 
bringing the R-134a from 201.7 kPa to 1200 kPa by compression. The cold space is 
a heat exchanger that cools atmospheric air from the outside 30°C down to 10°C 
and blows it into the car. What is the mass flow rate of the R-134a and what is the 
low temperature heat transfer rate. How much is the mass flow rate of air at 10°C? 

Standard Refrigeration Cycle 

Table B. 5: h 1 = 392.28 kJ/kg; s 1 = 1.7319 kJ/kg K; h 4 = h 3 = 266 kJ/kg 

C.V. Compressor (assume ideal) 

• • 

m 1 = m 2 w c = h 2 -h 1 ; s 2 = s 1 + s gen 

P 2 , s = Si => h 2 = 429.5 kJ/kg => w c = 37.2 kJ/kg 

m w c = W c => m = 1 .5 / 37.2 = 0.0403 kg/s 
C.V. Evaporator 

Q l = m(h, - h 4 ) = 0.0405(392.28 - 266) = 5.21 kW 
C.V. Air Cooler 

m air Ah air = Qi, ~ m air C p AT 

m air = Q l / (C p AT) = 5.21 / (1.004x20) = 0.26 kg / s 

Ideal refrigeration cycle 

P cond = 1200 kPa = P 3 
P evap = 201 -7 k p a = p i 
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9.101 

A refrigerator in a laboratory uses R-134a as the working substance. The high 
pressure is 1200 kPa, the low pressure is 165 kPa, and the compressor is 
reversible. It should remove 500 W from a specimen currently at -10°C (not 
equal to T L in the cycle) that is inside the refrigerated space. Find the cycle COP 

and the electrical power required. 

Solution: 

State 1: 165 kPa, x = 1, Table B. 5.1: hj = 389.2 kJ/kg, s l = 1.7354 kJ/kg K 

State 3: 1200 kPa, 46.31°C, x = 0, Table B.5.1: h 3 = 266.13 kJ/kg 

C.V. Compressor 

Energy Eq.: w c = h 2 - h. 

Entropy Eq.: s 2 = s i + s gen = s t 

State 2: 1.2 MPa , s 2 = Sj = 1.7354 kJ/kg, T 2 *53.4°C, h 2 = 430.67 kJ/kg 

w c = h 2 - fq = 430.67 - 389.2 = 41.47 kJ/kg 
Energy Eq. evaporator: q L = hj - h 4 = h 1 - h 3 = 389.2 - 266. 13 = 123.07 kJ/kg 


COP Refrigerator: 


q L _ 123.07 
P- Wc - 41.47 


= 2.97 


Power: 


Win = Q l / P = 500 W/ 2.97 = 168.3 W 
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9.102 

Consider the previous problem and find the two rates of entropy generation in the 
process and where they occur. 

Solution: 

State 1: 165 kPa, x = 1, Table B. 5.1: hj = 389.2 kJ/kg, s 3 = 1.7354 kJ/kg K 

State 3: 1200 kPa, x = 0, Table B.5.1: h 3 = 266.13 kJ/kg, s 3 = 1.2204 kJ/kg K 
Energy Eq. evaporator: q L = hj - h 4 = fq - h 3 = 389.2 - 266.13 = 123.07 kJ/kg 


Mass flow rate: 

C.V. Valve 
Energy Eq.: 


Entropy Eq.: 


m = Q l / q L = 0.5 / 123.07 = 0.00406 kg/s 


h 4 = h 3 = 266.13 kJ/kg => 


266.13 - 180.19 
209.0 


0.4112 


x 4 = (h 4 - h f )/h fg 


s 4 = Sf + x 4 Sfg = 0.9258 + x 4 x 0.8096 = 1.2587 kJ/kg K 
Sgen = s 4 - S 3 = 1.2587 - 1.2204 = 0.0383 kJ/kg K 

Sggn valve = ms gen = 0.00406 X 0.0383 x 1000 = 0.155 W/K 


There is also entropy generation in the heat transfer process from the specimen at 
-10°C to the refrigerant T : = -15°C = T sat (165 kPa). 

J_ 

Tl 


] = 500( S i T j-^ T j) = 0 .°368W /K 


_ • r l 

Sgen inside “ Ql L t* 


specimen 
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9.103 

A refrigerator using R-134a is located in a 20°C room. Consider the cycle to be 
ideal, except that the compressor is neither adiabatic nor reversible. Saturated 
vapor at -20°C enters the compressor, and the R-134a exits the compressor at 
50°C. The condenser temperature is 40°C. The mass flow rate of refrigerant 
around the cycle is 0.2 kg/s, and the coefficient of performance is measured and 
found to be 2.3. Find the power input to the compressor and the rate of entropy 
generation in the compressor process. 

Solution: 

Table B.5: P 2 = P 3 = P sat 40C = 1017 kPa, h 4 = h 3 = 256.54 kJ/kg 

s 2 « 1.7472 kJ/kg K, h 2 * 430.87 kJ/kg; 

Si = 1.7395 kJ/kg K, hj = 386.08 kJ/kg 
p = q L / w c -> w c = q L / p = (h r h 4 ) / P = (386.08 - 256.54) / 2.3 = 56.32 

W c = m w c = 11.26 kW 
C.V. Compressor Iq + w c + q = h 2 -> 

q in = h 2 - hj - w c = 430.87 - 386.08 - 56.32 = -11.53 kJ/kg i.e. a heat loss 
Si + 1 dQ/T + s gen = s 2 

Sggn = s 2 - Sj - q / T 0 = 1.7472 - 1.7395 + (11.53 / 293.15) = 0.047 kJ/kg K 
Sgen = m Sgen = 0-2 x 0.047 = 0.0094 kW / K 


Ideal refrigeration cycle 
with actual compressor 

Tcond = 40°C 

T 2 = 50°C 

T evap = -20°C = Tj 
Properties from Table B.5 
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9.104 

A small heat pump unit is used to heat water for a hot-water supply. Assume that 
the unit uses ammonia and operates on the ideal refrigeration cycle. The 
evaporator temperature is 15°C and the condenser temperature is 60°C. If the 
amount of hot water needed is 0. 1 kg/s, determine the amount of energy saved by 
using the heat pump instead of directly heating the water from 15 to 60°C. 

Solution: 

Ideal ammonia heat pump 

Tj = 15°C, T 3 = 60°C 
From Table B.2.1 

hi = 1456.3 kJ/kg, s 2 = Si = 5.1444 kJ/kg K 
p 2 = p 3 = 2.614 MPa, h 3 = 472.8 kJ/kg 

Entropy compressor: 82 = 8! => T 2 =111.6°C, h 2 = 1643 kJ/kg 

Energy eq. compressor: w c = h 2 - tq = 186.7 kJ/kg 

Energy condenser: q H = h 2 - h 3 = 1 170.2 kJ/kg 

To heat 0.1 kg/s of water from 15°C to 60°C, 

Qh20 = “(Ah) = 0.1(251.11 - 62.98) = 18.81 kW 
Using the heat pump 

Wjn = Qh2o( w c / 9h) = 18.81(186.7 / 1 170.2) = 3.0 kW 
a saving of 15.8 kW 
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9.105 

In an actual refrigeration cycle using R-134a as the working fluid, the refrigerant 
flow rate is 0.05 kg/s. Vapor enters the compressor at 150 kPa, -10°C (fq = 394.2 

kJ/kg, s 1 = 1.739 kJ/kg-K), and leaves at 1.2 MPa, 75°C (h 2 = 454.2 kJ/kg, s 2 = 
1.805 kJ/kg-K). The power input to the non-adiabatic compressor is measured and 

found be 2.4 kW. The refrigerant enters the expansion valve at 1.15 MPa, 40°C (h 

= 256.4 kJ/kg), and leaves the evaporator at 160 kPa, -15°C (h = 389.8 kJ/kg). 
Determine the entropy generation in the compression process, the refrigeration 
capacity and the coefficient of performance for this cycle. 

Solution: 

Actual refrigeration cycle 

1: compressor inlet T : = -10°C, P 1 = 150 kPa 
2: compressor exit T 2 = 75°C, P 2 = 1.2 MPa 

3: Expansion valve inlet T 3 = 40°C 
P 3 = 1.15 MPa 

5: evaporator exit T 5 = -15°C, P 5 = 160 kPa 
Table B.5 (CATT3) hj = 394.2 kJ/kg, s, = 1.739 kJ/kg-K, 

h 2 = 454.2 kJ/kg, s 2 = 1.805 kJ/kg-K 
CV Compressor: h t + q COMP + w COMP = h 2 ; Sj + I dq/T + s gen = s 2 

w comp = W CO \ 1P /m = 2.4/0.05 = 48.0 kJ/kg 
Ocomp = ^2 - w comp ' = 454.2 - 48.0 - 394.2 = 12 kJ/kg 

Sgen = S 2 - Sj - q / T 0 = 1.805 - 1.739 - 12/298.15 = 0.0258 kJ/kg-K 
C.V. Evaporator 

q L = h 5 - h 4 = 389.8 - 256.4 = 133.4 kJ/kg 



Q l = mq L = 0.05 x 133.4 = 6.67 kW 


COP: 


P = q 


9l 


133.4 


w comp 48.0 


= 2.78 
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Extended refrigeration cycles 
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9.106 

One means of improving the performance of a refrigeration system that operates 
over a wide temperature range is to use a two-stage compressor. Consider an ideal 
refrigeration system of this type that uses R-410A as the working fluid, as shown 

in Fig. 9.25. Saturated liquid leaves the condenser at 40°C and is throttled to -20° 
C. The liquid and vapor at this temperature are separated, and the liquid is 

throttled to the evaporator temperature, -50°C. Vapor leaving the evaporator is 

compressed to the saturation pressure corresponding to -20°C, after which it is 
mixed with the vapor leaving the flash chamber. It may be assumed that both the 
flash chamber and the mixing chamber are well insulated to prevent heat transfer 
from the ambient. Vapor leaving the mixing chamber is compressed in the second 
stage of the compressor to the saturation pressure corresponding to the condenser 

temperature, 40°C. Determine the COP of the system. Compare to the COP of a 
simple ideal refrigeration cycle operating over the same condenser and evaporator 
ranges as those of the two-stage compressor unit studied in this problem (T 2 = 

90.7 °C, h 2 = 350.35 kJ/kg). 


ROOM 
/ +Qh 





sat.liq. 

-20° C 



R-410A refrigerator with 
2-stage compression 


CV : expansion valve, upper loop 
h 2 = hj = 124.09 = 28.24 + x,x 243.65; x 2 = 0.3934 

m 3 = x 2 m 2 = x 2 mj = 0.3934 kg ( for m^l kg) 

m 6 = mj - m 3 = 0.6066 kg 
C V : expansion valve, lower loop 
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h y = h 6 = 28.24 = -13.8 + x ? x 271.6, x ? = 0.15478 
Q l = m 6 (h g - h 7 ) = 0.6066 (257.80 - 28.24) = 139.25 kJ 
q L = Q L / nij = 139.25 kJ/kg-nij 
CV: 1st stage compressor 

s 8 = s 9 = 1.1568 kJ/kg-K, P g = P §AT 7Q o c = 0.3996 MPa 

=> T 9 = 2.7 °C, h 9 = 292.82 kJ/kg 

CV: mixing chamber (assume constant pressure mixing) 

Energy Eq.: m 6 h 9 + m 3 h 3 = 

or h 4 = 0.6066 x 292.82 + 0.3934 x 271.89 = 284.6 kJ/kg 

h 4 , P 4 ss 400 kPa => T 4 = -6.3 °C, s 4 = 1.1261 kJ/kg K 
CV : 2nd stage compressor P 4 = 400 kPa = P 9 = P 3 

P 5 = P sat40 o c = 2.4207 MPa, s $ = s 4 => T 5 = 81.3°C, h 5 = 339.42 kJ/kg 
CV: condenser 

Energy Eq.: q H = h 5 - hj = 339.42 - 124.09 = 215.33 kJ/kg 

P 2 stage = V^h - *0 = 139.25/(215.33 - 139.25) = 1.83 
b) 1 stage compression 

h 3 = h 4 = 124.09 kJ/kg 
h J = 257.80 kJ/kg 
q L = h ! - h 4 = 133.7 kJ/kg 
s i = s 2 = 1.1568 1 
P 2 = 2.4207 MPaJ 
=> T 2 = 90.7 °C, h 2 = 350.35 



q H = h 9 - h 3 = 350.35 - 124.09 = 226.26 kJ/kg 
Pi stage = - q L ) = 133.7/(226.26 - 133.7) = 1.44 
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9.107 

A cascade system with one refrigeration cycle operating with R-410A has an 

evaporator at -40°C and a high pressure of 1200 kPa. The high temperature cycle 

uses R-134a with an evaporator at 0°C and a high pressure of 1200 kPa. Find the 
ratio of the two cycles mass flow rates and the overall COP. 


sat. vapor 
0°C 


T , = -40°C 
sat. vapor 



P = 1200 kPa 
sat. liquid 


P 3 = 1200 kPa 
sat. liquid 


R-134a cycle R-410A cycle 



T,°C 

P 

h 

s 


T,°C 

P 

h 

s 

V 

0 

294 

398.36 

1.7262 

1 

-40 

175 

262.83 

1.1273 

2' 

46.99 

1200 

423.296 

1.7262 

2 

45.05 

1200 

317.65 

1.1273 

3' 

46.31 

1200 

266.13 


3 

13.43 

1200 

78.66 


4' 

0 


266.13 


4 

-40 

175 

78.66 



... M-h4 398.36- 266.13 
mIm _ h 2 - h 3 _ 317.65 -78.66 “ 0,5533 

q L = l-q -h 4 = 262.83 -78.66 = 184.17 kJ/kg 


- W xox /m = (h 2 - hj) + (m7m)(h£ - hj) 

= 317.65 - 262.83 + Q ^ (423.296 - 398.36) = 99.89 ^ 

p = Q l /(-W xox ) = 184.17/99.89 = 1.844 
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9.108 

A cascade system is composed of two ideal refrigeration cycles, as shown in Fig. 
9.28. The high-temperature cycle uses R-410A. Saturated liquid leaves the 
condenser at 40°C, and saturated vapor leaves the heat exchanger at -20°C. The 
low-temperature cycle uses a different refrigerant, R-23. Saturated vapor leaves 
the evaporator at -80°C, h = 330 kJ/kg, and saturated liquid leaves the heat 
exchanger at -10°C, h = 185 kJ/kg. R-23 out of the compressor has h = 405 kJ/kg. 
Calculate the ratio of the mass flow rates through the two cycles and the COP of 
the system. 


sat. vapor 
-20°C 1' 


T j = -80° C 
sat. vapor 



3' 

4' 

3 

4 


Tj = 40°C 
sat. liquid 


t 3 = -10°C 
sat. liquid 



R-410A 


V 


2 


3' 


T,°C 


-20 


71 


40 


-20 


P 


0.400 


2.421 


2.421 


271.89 1.0779 


322.61 


124.09 


124.09 


1.0779 



T,°C 

P 

h 

-80 

0.12 

330 

50 

1.90 

405 

-10 

1.90 

185 

-80 

0.12 

185 


= 0.6718 


s 


1.76 


1.76 



. . h; - h 4 271.89- 124.09 
m/m, = V^= 405 - 185 =0 - 6718 

q L = hj - h 4 = 330 - 185 = 145 kJ/kg 

- W XOT /m = (h 2 - hj) + (m7m)(h£ - h{) = (405-330) + Q6 * lg (322.61-271.89) = 150.5 

p = Q l /(-W tot ) = 145/150.5 = 0.96 
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9.109 

A split evaporator is used to provide cooling of the refrigerator section and 
separate cooling of the freezer section as shown in Fig. P9.109. Assume constant 
pressure in the two evaporators. How does the COP = (Qli+ Ql, 2 )/W compare to 
a refrigerator with a single evaporator at the lowest temperature? 

Throttle processes: h 4 = h 3 ; h 5 = h 6 

Refrigerator: % R = ^5 - h 4 

freezer: q L p = h 1 - h 6 

Add the two heat transfers: qL R + 9l F = hs - h 4 + tq — h 6 = fq — h 4 

which is the same as for the standard cycle expanding to the lowest pressure. 

COP split = COP std = (hi - h 4 ) / (h 2 - hj) 
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9.110 

A refrigerator using R-410A is powered by a small natural gas fired heat engine 
with a thermal efficiency of 25%, as shown in Fig. P9.110. The R-410A 
condenses at 40°C and it evaporates at -20°C and the cycle is standard. Find the 
two specific heat transfers in the refrigeration cycle. What is the overall 
coefficient of performance as Qi/Qi? 

Solution: 

Evaporator: Inlet State is saturated liq-vap with h 4 = h 3 = 124.09 kJ/kg 
The exit state is saturated vapor with h , =271.89 kJ/kg 
q L = hi - h 4 = hj - h 3 = 147.8 kJ/kg 
Compressor: Inlet State 1 and Exit State 2 about 2.42 MPa 
W C = h 2 - h | ; s 2 = S! = 1.0779 kJ/kgK 

2: T 2 * 70°C h 2 = 322.6 kJ/kg 

w c = h 2 - li! = 50.71 kJ/kg 

Condenser: Brings it to saturated liquid at state 3 

q H = h 2 - h 3 = 322.6 - 124.09 = 198.5 kJ/kg 

Overall Refrigerator: 

p = q L / w c = 147.8 / 50.71 = 2.915 

Heat Engine: 

^he = BheQi = W c = Ql / P 
Q L / Q, = r)p = 0.25 x 2.915 = 0.729 


Ideal refrigeration cycle 

Tcond = 40°C = T 3 

Tevap = -20°C = Tj 
Properties from Table B.4 
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Ammonia absorption cycles 
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9.111 

Notice the configuration in Fig. 9. 29 has the left hand side column of devices 
substitute for a compressor in the standard cycle. What is an expression for the 
equivalent work output from the left hand side devices, assuming they are 
reversible and the high and low temperatures are constant, as a function of the 
pump work W and the two temperatures. 

The left hand side devices works like a combination of a heat engine with some 
additional shaft work input. We can analyze this with a control volume around all 
the devices that substitute for the compressor in the standard cycle. 

C.V. Pump, absorber, heat exchanger and generator. 

This C.V. has an inlet flow at state 1 and exit flow at state 2 with numbers as in 
the standard cycle. 

Energy Eq.: 0 = h 1 + w + q’ H - q’ L - h 2 all per mass flow at 1 and 2. 

c f „ n q'n q’ L 

Entropy Eq.: 0 = s t + - s 7 + 0 

X H' 1 L' 

Now solve for q’ L from the entropy equation and substitute into the energy 
equation 

9 l = Tl' ( s i _ s z) + (Tl 1 / T h .) q’n 
T l - 

w + [1 - rp ] q’ H - (h 2 - fq) - T l . (s 2 - s f ) 

The high T heat transfer acts as if it was delivered to a Carnot heat engine and the 
Carnot heat engine work output was added to the shaft work w. That sum gives 
the increase in exergy from state 1 to state 2. Notice in the standard cycle, s 2 = s 1? 

and the last term is zero. 
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9.112 

As explained in the previous Problem the ammonia absorption cycle is very 
similar to the set-up sketched in Problem 9.110. Assume the heat engine has an 
efficiency of 30% and the COP of the refrigeration cycle is 3.0 what is then the 
ratio of the cooling to the heating heat transfer Q L /Q|? 

Heat Engine: W = pQj = 0.3 Qi 

Refrigerator.: P = Q L /W ■=> Ql = P W = P pQ] 

So now 

Q l /Q : = p r, = 3 x 0.3 = 0.9 
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9.113 

Give an estimate for the overall COP’ of an ammonia absorption cycle used as a 

chiller to cool water to 5°C in an 25°C ambient when the small pump work is 

neglected. A heat source is available at 100°C. Find also the efficiency of the heat 
engine part and the COP of the refrigeration cycle part. 


The heat engine operates between the 100°C source and the 25 °C ambient so 


Ohe - 1 ~ T g /T s - 1 - 


298.15 

373.15 


0.20 


To estimate the COP of the basic ammonia cycle consider the high/low 
temperatures to be as T 2 = 25°C and T 4 = 5°C. From B.2.1 we get 

P 2 = Psat 25C = 1003 kPa > h 3 = h 2 = 298.25 kJ/kg, h 4 = 1447.3 kJ/kg, 

Assume T 1 = 100°C, P] = P 2 , hj = 1664.3 kJ/kg 


COP = q L / w c = 


(h 4 - h 2 )/(h , - h 4 ) = 


1447.3 - 298.25 

1664.3 - 1447.3 


= 5.3 


Neglecting the small pump work we get 

COP’ = COP x r| HE = 5.3 x 0.2 = 1.06 
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9.114 


Consider a small ammonia absorption refrigeration cycle that is powered by solar 
energy and is to be used as an air conditioner. Saturated vapor ammonia leaves 
the generator at 50°C, and saturated vapor leaves the evaporator at 10°C. If 3000 
kJ of heat is required in the generator (solar collector) per kilogram of ammonia 
vapor generated, determine the overall performance of this system. 


Solution; 

NH 3 absorption cycle: 

sat. vapor at 50°C exits the generator 
sat. vapor at 10°C exits the evaporator 

q H = q GEN = 3000 kJ/kg NH 3 out of gen. 



C.V. Evaporator 

q L = hj — hj = h„ — hf 50°C = 1452.2 — 421.6 = 1030.6 kJ/kg 

COP => q L /q H = 1030.6/3000 = 0.34 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


9.115 


The performance of an ammonia absorption cycle refrigerator is to be compared 
with that of a similar vapor-compression system. Consider an absorption system 
having an evaporator temperature of -10°C and a condenser temperature of 50°C. 
The generator temperature in this system is 150°C. In this cycle 0.42 kJ is 
transferred to the ammonia in the evaporator for each kilojoule transferred from 
the high-temperature source to the ammonia solution in the generator. To make 
the comparison, assume that a reservoir is available at 150°C, and that heat is 
transferred from this reservoir to a reversible engine that rejects heat to the 
surroundings at 25°C. This work is then used to drive an ideal vapor-compression 
system with ammonia as the refrigerant. Compare the amount of refrigeration that 
can be achieved per kilojoule from the high-temperature source with the 0.42 kJ 
that can be achieved in the absorption system. 


Solution: 



For the rev. heat engine: 


' ' 298.2 

Pth - 1 - V T h - 1 ' 423.2 


0.295 


=> W c = Pth = 0.295 kJ 


For the NH 3 refrig, cycle: P 2 = ?3 = 2033 kPa , Use 2000 kPa Table 

s 2 = Sl = 5.4673 kJ/kg-K => T 2 «135°C, h 2 * 1724 kJ/kg 

w c = h 2 - = 1724 - 1430.8 = 293.2 kJ/kg 

q L = h, - h 4 = 1430.8 - 421.48 = 1009.3 kJ/kg 
p = q L /w c = 1009.3 / 293.2 = 3.44 
=> Q l = pw c = 3.44 x 0.295 = 1.015 kJ 
This is based on the assumption of an ideal heat engine & refrigeration cycle. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


Exergy Concepts 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful . 



Borgnakke and Sonntag 


9.116 

If we neglect the external irreversibilities due to the heat transfers over finite 
temperature differences in a power plant how would you define its second law 
efficiency? 

The first law efficiency is a conversion efficiency as 

_ w net _ w net 

111 “ qH _ h 3 - h 2 

The second law efficiency is the same ratio but expressed in exergy 

output w net w net w net 

11n “ source _ cp H “ cp 3 - cp 2 or “ (p H - 

The last expression must be used if the heat rejection at the low T is assigned any 
exergy value (normally not). 
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9.117 

Find the exergy of the water at all four states in the Rankine cycle described in 
Problem 9.16. Assume that the high-temperature source is 500°C and the low- 
temperature reservoir is at 25°C. Determine the flow of exergy in or out of the 
reservoirs per kilogram of steam flowing in the cycle. What is the overall cycle 
second law efficiency? 

Solution (States and properties are from solution to problem 9.16): 

Reference State: 100 kPa, 25°C, s 0 = 0.3673 kJ/kg K, h 0 = 104.87 kJ/kg 

= hj - h G - T 0 (s l - s 0 ) 

= 251.11 - 104.87 - 298.15(0.8311 - 0.3673) = 7.958 kJ/kg 
\|/ 2 = 254.14 - 104.87 - 298.15(0.8311 - 0.3673) = + 3.03 = 10.99 kJ/kg 

v|/ 3 = 3344 - 104.87 - 298.15(7.0833 - 0.3673) = 1236.75 kJ/kg 

\|/ 4 = v|/ 3 - w T s = 1236.75 - 1009.6 = 227.1 kJ/kg 

A\|/ h = (1 - T G /T H )q H = 0.6144 x 3089.86 = 1898.4 kJ/kg 

A ¥L = (l-T o /T o )q c = 0 kJ/kg 

Tin = w net /A\(/ h = (1009.6 - 3.03)/l 898.4 = 0.53 

Notice — T h > T 3 , T l < T 4 = Tj so cycle is externally irreversible. Both q H and 
q c are over finite AT. 

Energy Transfers (kJ/kg): Exergy Transfers (kJ/kg): 


t h 



t h 
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9.118 

A condenser is maintained at 60°C by cooling it with atmospheric air coming in at 

20°C and leaving at 35 °C. The condenser must reject 25 MW from the water to 
the air. Find the flow rate of air and the second law efficiency of the heat 
exchanger. 


C.V. Condenser, a dual steady flow 1 inlet 
and 1 exit for air and water each. The two 
flows exchange energy with no heat transfer 
to/from the outside. 


1 

— I 

a air 




4 water 


Energy Eq.: 


0 = m H 20 (h 4 - hj) + m air (h a - h b ) 


m H 20 ( h 4 - hi) = Q = rn a ir ( h b - h a) = ^air C p (T b - T a ) 

25 000 kW 


m air = Q/C p (T b -T a )=- 


004 x 15 kJ/kg 


= 1660 kg/s 


Since the water is at constant T the change in entropy equals Q/T and the exergy 
terms for the water and air becomes 


T 0 293.15 

Atwater = Q (1 - j ) = 25 MW ( 1 - 33^5) = 3001.6 kW 

1 1^— o 


s b - s a = Cp ln( T b /T a ) = 1.004 In (308.15/293.15) = 0.0501 kJ/kgK 


^®air — m air t^b ^a ^0 (^b s a)] — Q m air^0 ( s b s a) 

= 25 000 - 1660 x 293.15 x 0.0501 = 619.89 kW 
. , • 619.89 

— ^®air ^ water ” 3001.6 _ 

Comment: We used T 0 = 20°C = 293.15 K, since the air comes in at that T, in 
order not to straddle the Tq with the air temperatures. Recall exergy is positive for 
T’s higher and lower than Tq. 
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9.119 

Find the flows and fluxes of exergy in the condenser of Problem 9.29. Use those 
to determine the second law efficiency, T 0 = 15°C. 


For this case we select T 0 = 15°C = 288 1 

The states properties from Tables B.1.1 
and B.1.3 

1: 45°C, x = 0: h : = 188.42 kJ/kg, 

3: 3.0 MPa, 600°C: s 3 = 7.5084 kJ/kg K 
C.V. Turbine : w T = h 3 - h 4 ; S4 = s 3 

S4 = s 3 = 7.5084 = 0.6386 
=> h 4 = 188.42 + 
C.V. Condenser : q L = h 4 - hj = 2374.4 - 


, the ocean water temperature. 



-X 4 (7.5261) => x 4 = 0.9128 

.9128 (2394.77) = 2374.4 kJ/kg 
88.42 = 2186 kJ/kg 


Ql = mq L = 25 x 2186 = 54.65 MW = m ocean C p AT 

m ocean = Q L 1 C P AT = 54 650 / (4.18 x 3) = 4358 kg/s 
The net drop in exergy of the water is 

® water — m water I ^4 ~ hj — T Q (s^ — S j )] 

= 25 [ 2374.4 - 188.4 - 285 (7.5084 - 0.6386)] 

= 54 650 - 48 947 = 5703 kW 
The net gain in exergy of the ocean water is 

® ocean — m ocean[hg ~ hg ~ ^0(^6 — ^5)] 

T 

= m oce an[Cp(T 6 - T g ) - T 0 C p ln(^r) ] 

= 4358 [4.18(15- 12) -285 x 4.18 In 

= 54 650 - 54 364 = 286 kW 
The second law efficiency is 

286 

Ojj — ® ocean ^ ®water — 5703 _ 


In reality all the exergy in the ocean water is destroyed as the 15°C water mixes 
with the ocean water at 12°C after it flows back out into the ocean and the 
efficiency does not have any significance. Notice the small rate of exergy relative 
to the large rates of energy being transferred. 
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9.120 

Find the second law efficiency for the open FWH in Problem 9.40 
The setup follows Fig. 9. 12 

State enthalpies [kJ/kg]: h 2 = 419.02, h 6 = 2827.86, h 3 = 762.79 (x = 0 at 1 MPa) 
State entropies [kJ/kgK]: s 2 = 1.3068, Sg = 6.6939, s 3 = 2.1386 

Analyze the FWH which leads to Eq.9.5: 

• • • • 

y = m 6 /m 5 the extraction fraction (m 5 = m 3 ) 

_ h 3- h 2 762.79 -419.02 

y “ h 6 - h 2 _ 2827.86 - 419.02 “ °' 1427 

The second law efficiency for this FWH can be done similar to a co-flowing heat 
exchanger. The extraction flow, fraction y of total flow, provides the source of 
exergy as it goes from state 6 to state 3. The feedwater flow, with fraction (1 - y), 
increase its exergy from state 2 to state 3. 


¥3 - ¥2 = h 3 - h 2 - T 0 (s 3 - s 2 ) 

= 762.79 - 419.02 - 298.15(2.1386 - 1.3068) 

= 95.769 kJ/kg 

¥6 - ¥3 = h 6 - h 3 - T o ( s 6 - s 3) 

= 2827.86 - 762.79 - 298.15(6.6939 - 2.1386) 
= 706.907 kJ/kg 


_ (1 ~ y)(¥3 - ¥2) _ 0.8573 x 95.769 
11n “ y(¥6 - ¥ 3 ) “ 0. 1427 x 706.907 “ 0,814 
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9.121 

Find the second law efficiency for the closed FWH in Problem 9.51 



C.V. Feedwater Heater 


From table B.l 

h kJ/kg 

s kJ/kg-K 

B.l. 4: 

100°C, 20 MPa 

h 2 = 434.04 

1.2917 

B.1.4: 

200°C, 20 MPa 

h 4 = 860.47 

2.3031 

B.1.3: 

4 MPa, 275°C 

h 6 = 2880.39 

6.2145 

B.l. 2: 

4 MPa, sat. liq. 

h 6a = 1087.29 

2.7963 


Energy Eq. : m 2 h 2 + m 6 h 6 = m 2 h 4 + m 6 h 6a 

Since all four states are known we can solve for the extraction flow rate 

. h 2 - h 4 43404 - 86047 , , 

m 6 “ m 2 h 6a - h 6 _ 20 1087.29 - 2880.39 kg/s “ 4 ' 756 kg/s 

The feedwater from state 2 to state 4 gains exergy from the extraction flow which 
provides the source as it goes from state 6 to state 6a. 


44 - 42 = h 4 — h 2 — T 0 (S 4 - S 2 ) 

= 860.47 - 434.04 - 298.15(2.3031 - 1.2917) 

= 124.881 kJ/kg 

46 - 46a = h 6 - h 6a ~ T o(s 6 ~ S6a) 

= 2880.39 - 1087.29 - 298.15(6.2145 - 2.7963) 
= 773.964 kJ/kg 


_ m 2 (4 4 -4 2 ) _ 20x 124.881 

11 ii _ . _ 4.756 x 773.964 “ 0,679 

m 6 (¥6 - 46 a ) 
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9.122 

For problem 9.58 consider the boiler/super-heater. Find the exergy destruction in 
this setup and the second law efficiency for the boiler-source set-up. 

A Rankine cycle feeds 5 kg/s ammonia at 2 MPa, 140°C to the turbine, which has 

an extraction point at 800 kPa. The condenser is at -20°C and a closed feed water 
heater has an exit state (3) at the temperature of the condensing extraction flow 

and it has a drip pump. The source for the boiler is at constant 180°C. Find the 
extraction flow rate and state 4 into the boiler. 


The boiler has flow in at state 4 and out at state 5 with the source providing a q at 
180°C. 

Assume state 4 is saturated liquid at T 4 so h 4 = h f 4 => T 4 = 17.92°C 

State 4: h 4 = 264.4 kJ/kg = h f 4 , s 4 = s f 4 = 1 .00705 kJ/kgK 

State 5: h 5 = 1738.2 kJ/kg, s 5 = 5.5022 kJ/kg K 

Energy Eq. q H = h 5 - h 4 = 1738.2 - 264.4 = 1473.8 kJ/kg 

Entropy Eq. s 4 + q H /T H + s gen = s 5 => s gen = s 5 - s 4 - q H /T H 

1473.8 

Sg en — ms gen — ^ [5.5022 — 1.00705 — ^gQ _j_273 15 ] 

= 5 x1.2428 = 6.21 kW/K 
The flow increase in exergy is: 

\p 5 - \\i 4 = h 5 - h 4 - T 0 (s 5 - s 4 ) = 1473.8 - 298.15 (5.5022 - 1.00705) 

= 133.57 kJ/kg 
The exergy provided by the source is: 

298 15 

(t>H = ( 1 - T 0 / T H ) q H = (1 - 180 + 273,15 ) 1473 ' 8 = 504 1 kJ/k § 

Second law efficiency is 

_ gain in exergy _ 133.57 _ 

_ source exergy input - 504.1 - 


( = 1 - T 0 s gen /4> H = 1 - 298.15 xl.2428 / 504.1 ) 
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9.123 

The power plant using ammonia in Problem 9.71 has a flow of liquid water at 

120°C, 300 kPa as a heat source, the water leaves the heat exchanger at 90°C. 
Find the second law efficiency of this heat exchanger. 

C.V. The liquid water source - ammonia boiler heat exchanger. 

Ah liq = 503.69 - 376.9 = 126.79 kJ/kg (sat. liquid at 120°C and 90°C ) 
As liq = 1.5275 - 1.1924 = 0.3351 kJ/kgK 
The energy equation establishes the ratio of the mass flow rates 

• • • 

Qh = m water A h liq = m NH3 q H 

=> m water / m NH3 = q H / Ah liq = 1442/126.79 = 1 1.373 

Now the second law efficiency is the ratio of exergy pick-up over exergy source 
m NH3 A 'l' m NH3 l C lll ‘ T o( s 5 " S 3 )] 

On = = 

• • 

m water m water (^hiq " T 0 ASjj q ) 

From the power plant cycle we have state 3: 

State 3: x 3 = 0, h 3 = 171.65 kJ/kg, s 3 = 0.6793 kJ/kgK, v 3 = 0.00156 m 3 /kg 
State 5: h 5 = 1614.6 kJ/kg, s 5 = 5.4971 kJ/kg K 

C.V Pump P2: w P2 = h 4 - h 3 = v 3 (P 4 - P 3 ) = 0.00156(1000 - 400) = 0.936 kJ/kg 

q H = h 5 - h 4 = 1614.6 - (171.65 + 0.936) = 1442 kJ/kg 
s 5 — s 3 = 5.4971 - 0.6793 = 4.81775 kJ/kgK 

1 1442- 253.15 x4.81775 _ 

nn “ 11.373 126.79 - 253.15 x0.3351 _0466 
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9.124 

A concentrated solar power plant receives the energy from molten salt coming in 

at 560°C and leaving at 300°C in counterflow heat exchanger where the water 

comes in at 3 MPa, 60°C and leaves at 450°C, 3 MPa. The molten salt has 5 kg/s 
flow with Cp sa j t = 1.5 kJ/kg-K. What is the possible water flow rate and the rate 

of energy transfer. Find the second law efficiency of this heat exchanger. 

Continuity Eqs.: Each line has a constant flow rate through it. 

• • 

Energy Eq.4. 10: 0 = m H2 o (hj - h 2 ) + m salt (h 3 - h 4 ) 

• • • 

Entropy Eq.7.7: 0 = m H2 o (s 2 - s 2 ) + m salt (s 3 - s 4 ) + S gen 

Process: Each line has a constant pressure. 

Table B.l: hj = 253.61 kJ/kg, h 2 = 3344 kJ/kg, sj = 0.8295, s 2 = 7.0833 kJ/kg-K 
¥2 ~W\= [h 2 - hj - T 0 (s 2 - Sj)] 

= [3344 - 253.61 - 298.15 (7.0833 - 0.8295)] = 1225.82 kJ/kg 
For the salt we get 

h 3 - h 4 = C P salt (T 3 - T 4 ) = 1.5 (560 - 300) = 390 kJ/kg 

s 3 - s 4 = C P salt In (T 3 /T 4 ) = 1.5 ln(833. 15/573. 15) = 0.561 kJ/kgK 

y 3 - y 4 = [h 3 - h 4 - T 0 (s 3 - s 4 )] = 390 - 298.15 x 0.561 = 222.74 kJ/kgK 

h 3 - h 4 390 

m H 2 0 = m salt h 2 _ hl = 3344- 253.61 = °' 63 1 kg/s 

m H 2 o(V 2 - ¥i) 0.631 x 1225.82 

nn _ . " 5 x 222.74 “ 0,69 

m salt(V3 - ¥ 4 ) 


C.V. Heat exchanger, steady flow 1 
inlet and 1 exit for salt and water 
each. The two flows exchange 
energy with no heat transfer to/from 
the outside. 


1 



3 salt 
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9.125 

What is the second law efficiency of the heat pump in Problem 9.92? 

A heat pump for heat upgrade uses ammonia with a low temperature of 25 °C and 
a high pressure of 5000 kPa. If it receives 1 MW of shaft work what is the rate of 
heat transfer at the high temperature? 

State 1: h 1 = 1463.5 kJ/kg, s, = 5.0293 kJ/kgK 
State 3: h 3 = h f = 631.9 kJ/kg, s 3 = 2.1100 kJ/kg-K 

Entropy compressor: s 2 = s 3 => T 2 = 156°C, h 2 = 1709.1 kJ/kg 
Energy eq. compressor: w c = h 2 - h, = 245.6 kJ/kg 

Energy condenser: q H = h 2 - h 3 = 1077.2 kJ/kg 

Exergy output: A\|/ H = y 2 - y 3 = h 2 - h 3 - T 0 (s 2 - s 3 ) 

= 1077.2-298 (5.0293-2.1100) 

= 207.25 kJ/kg 

output a ¥h 207.25 

ri it — — — — 0*844 

111 source 245.6 

C ac 
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9.126 

Steam is supplied in a line at 3 MPa, 700°C. A turbine with an isentropic 
efficiency of 85% is connected to the line by a valve and it exhausts to the 
atmosphere at 100 kPa. If the steam is throttled down to 2 MPa before entering 
the turbine find the actual turbine specific work. Find the change in exergy 
through the valve and the second law efficiency of the turbine. 

Take C.V. as valve and a C.V. as the turbine. 

Valve: h 2 = hj = 3911.7 kJ/kg, s 2 > Sj = 7.7571 kJ/kg K, 

h 2 ,P 2 => s 2 = 7.9425 kJ/kg K 

Vl - V2 = hj-h 2 -T 0 (s r s 2 ) = 0 -298.15(7.7571-7.9425) = 55.3 kJ/kg 
So some potential work is lost in the throttling process. 

Ideal turbine: s 3 = s 2 => h 3s = 2929.13 kJ/kg w T s = 982.57 kJ/kg 

w T,ac = h 2 - h 3ac = ^T.s = 835.2 kJ/kg 
h 3ac = 3911.7 - 835.2 = 3076.5 => s 3ac = 8.219 kJ/kg K 

W rev = \|/ 2 - V3ac = h 2 - h 3ac - T 0 (s 2 - s 3ac ) = 835.2 - 298. 15(7.9425 - 8.219) 
= 917.63 kJ/kg => 

Pii = w T ac / w rev = 835.2/917.63 = 0.91 
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9.127 

The condenser in a refrigerator receives R-134a at 700 kPa, 50°C and it exits as 
saturated liquid at 25°C. The flowrate is 0.1 kg/s and the condenser has air 
flowing in at ambient 15°C and leaving at 35°C. Find the minimum flow rate of 
air and the heat exchanger second-law efficiency. 


C.V. Total heat exchanger. 

Energy Eq.6.10 

irqfq + m a h 3 = irqf^ + m a h 4 

. h i - h 2 
=> m = m, x - — — 
a 1 h 4 - h 3 

436.89 - 234.59 

“ ai x 1.004(35 - 15) - 1007 kg/s 



Availability from Eq.8.24 

\\i | - v(/ 2 = h | - h 2 - T 0 (S| - s 2 ) = 436.89 - 234.59 

- 288.15(1.7919 - 1.1201) = 8.7208 kJ/kg 
¥4 - ¥3 = h 4 - h 3 - T 0 (s 4 - s 3 ) 

308.15 

= 1.004(35 - 15) - 288.15 x 1.004 x In 2gg lg = +0.666 kJ/kg 


Efficiency from Eq.8.30 

_ m a (¥ 4 ~ ¥ 3 ) _ 1.007 x 0,666 
11 lI_ m 1 (¥i-¥2) _ai x 8/7208 “ 
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9.128 

A flow of steam at 10 MPa, 550°C goes through a two-stage turbine. The pressure 
between the stages is 2 MPa and the second stage has an exit at 50 kPa. Assume 
both stages have an isentropic efficiency of 85%. Find the second law efficiencies 
for both stages of the turbine. 


1 2 3 



CV: Tl, hj = 3500.9 kJ/kg, S! = 6.7561 kJ/kg K 
Isentropic s 2s = s, => h 2s = 3017.9 kJ/kg 

w Tl,s = h i - h 2s = 483 kJ/k S 


Actual Tl: w Tl ac = r| T1 w xls = 410.55 = hj - h 2ac 

h 2ac = h 3 - w xl ac = 3090.35 kJ/kg, s 2ac = 6.8782 kJ/kg K 
CV: T2, s 3s = s 2ac = 6.8782 => x 3s = (6.8782-1. 091)/6.5029 = 0.8899, 

h 3s = 340.47 + 0.8899 x 2305.4 = 2392.2 kJ/kg 

w T2,s = h 2ac - h 3s = 698.15 => w X2ac = t) X 2 w x2;S = 593.4 kJ/kg 
=> h 3ac = 2496.9, x 3ac = (2496.9 - 340.47)/2305.4 =0.9354, 
s 3ac = 1.091 + 0.9354 x 6.5029 = 7.1736 kJ/kg K 


Actual Tl: i xl ac = T 0 (s 2ac -s,) = 298.15(6.8782 - 6.7561) = 36.4 kJ/kg 

R R 

=> W T1 = w Ti,ac + i = 447 kJ/kg, tin = w xl ac /w xl = 0.918 
Actual T2: i X2 ac = T 0 (s 3ac -s 2ac ) = 298.15(7.1736 - 6.8782) = 88.07 kJ/kg 

R R 

w X2 = W X2 ac + i x2 ac = 681.5, Pjj = W X2 ac /w X2 = 0.871 
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9.129 

A new air-conditioner using R-410A is used in heat pump mode. The high 

pressure is 2000 kPa and the low pressure is 400 kPa. It warms a house at 20°C 

driven by an electric power input of 2 kW in an ambient at -5°C. Find the 
destruction of exergy 4 places: 1) inside the heat pump, 2) in the high T heat 
exchanger, 3) in the low T heat exchanger, and 4) in the house walls/windows etc. 
that separates the inside from the outside of the house. 

Exit evaporator x = 1, 400 kPa from B. 4. 2: tq = 271.9, s 3 = 1.0779 kJ/kgK 
Exit condenser x = 0, 2 MPa from B.4.1: h 3 = 110.21 kJ/kg, s 3 = 0.40378 kJ/kgK 
Exit valve: h 3 = h 4 = 28.24 + x 4 243.66 =^> x 4 = 0.33638, s 4 = 0.43917 
Compressor: s 2 = s 1 & P 2 from B.4.2 => h 2 « 317.43 kJ/kg 
Evaporator: q L = h 1 - h 4 = h 1 - h 3 = 271.9 - 110.21 = 161.69 kJ/kg 

Condenser: q H = h 2 - h 3 = 317.43 - 110.21 = 207.22 kJ/kg 

Compressor: w c = h 2 - tq = 317.43 - 271.9 = 45.53 kJ/kg, 

m = W/ w c = 2 kW/45.53 kJ/kg = 0.04393 kg/s 
COP: p = q H /w c = 207.22/45.53 = 4.55 

Heat transfers: Q H = p W = 4.55 x 2 = 9.1 kW, Q L = 9.1 - 2 = 7.1 kW 

CV: The A/C unit, entropy only made in valve. 

• • • 

®destr. HP — ^0 Sg en — m Tg (s 4 — S 3 ) 

= 0.04393 kg/s x 298.15 K (0.43917 - 0.40378) kJ/kg-K = 0.46 kW 


CV High T heat exchanger with Q from T 2 , T 3 = 32°C to room 20°C 

Entropy: 0 = m (s 2 - s 3 ) - Q H /T ho use + S gen => S gen = QH /T house - m (s 2 - s 3 ) 

9.1 

Odestr. Hi T = T o s g en = 298.15 [ 293^5 “ °- 04393 x (1.0779 - 0.40378)] 

= 0.426 kW 

CV Low T heat exchanger, here T , = -19.98°C is constant as heat is absorbed, 

• • 

the term Q L /T 1 is also equal to m (s, - s 4 ) 

®destr. Low T = To S gen = Tq[Ql/T^ - Qi/Tamb] = 298 - ^^253. 17 ~ 268. 15^ 

= 0.467 kW 
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CV House walls that leaks heat out from 20°C to ambient 5°C. 


®destr. walls — ^0 ^gen — T() IQtt^amb Qtt^h ousel 


= 298.15C 


9.1 

268.15 


9.1 


293.15 


) 


= 0.863 kW 
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9.130 

An air-conditioner using R-410A is used in cooling mode. The high pressure is 

3000 kPa and the low pressure is 800 kPa. It cools a house at 20°C with a rate of 

12 kW and the outside ambient is at 35°C. Find the destruction of exergy 4 
places: 1) inside the refrigerator, 2) in the high T heat exchanger, 3) in the low T 
heat exchanger, and 4) in the house walls/windows etc. that separates the inside 
from the outside of the house. 


The exergy destruction can be found from the exergy balance or from the entropy 
generation for each control volume 



The control volumes 1-4 correspond to the exergy destruction locations. To 
answer the first one and to find the COP and the high T heat transfer we must 
analyze the refrigeration cycle. 

State 1 (800 kPa, x = 1): h { = 279.14 kJ/kg, Sj = 1.0367 kJ/kgK, Tj = 0.05°C 

State 2 (3000 kPa, s = S!): h 2 = 315.58 kJ/kg, T 2 = 70.5°C 

State 3 (3000 kPa, x = 0): h 3 = 141.78 kJ/kg, s 3 = 0.5011 kJ/kgK, T 3 = 49.07 °C 
State 4 (800 kPa, h = h 3 ): x 4 = (141.78 - 57.8365)/221.304 = 0.37931 

s 4 = 0.22667 + x 4 0.81003 = 0.53392 kJ/kgK 


Evaporator: q L = h 1 - h 4 = h, - h 3 = 279.14 - 141.78 = 137.36 kJ/kg 

Condenser: q H = h 2 - h 3 = 315.58 - 141.78 = 173.8 kJ/kg 

Compressor: w c = h 2 - h } = 315.58 - 279.14 = 36.44 kJ/kg, 


m = Q l / q L = 12 kW/137.36 kJ/kg = 0.08736 kg/s 
COP: p = q L /w c = 137.36/36.44 = 3.7695 


W = Q L /p = 12 kW/3.7695 = 3.183 kW; Q H = W + Q L = 15.183 kW 

CV 1 . The only entropy generation is in the valve: 

• • • 

^destr. ref — ^0 Sg en — m Tq (S 4 — S 3 ) 

= 0.08736 kg/s x 298.15 K (0.53392 - 0.5011) kJ/kg-K = 0.855 kW 
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CV2. The heat transfer goes to the ambient from the 2-3 condenser process. 
Entropy Eq. : 0 = m (s 2 - s 3 ) - 0 n /T amb + S gen 

®destr. Hi T — Tp Sg en — Tq[ QH/T amb — m (s 2 — S 3 )] 

= 298. 15[ 15.183/308.15 -0.08736(1.0367-0.5011)] 

= 0.74 kW 

CV3. Low T heat exchanger, here T j = 0.05°C is constant as heat is absorbed, 

• • 

the term Qj/Ti is also equal to m (sj - s 4 ) 

^destr. Low T = To S gen = Tq[Ql/Ti - QL^houseJ = 298.15(2^2 2 — 293 15^ 

= 0.891 kW 

CV House walls that leaks heat from ambient 35°C to house 20°C. 

®destr. walls — ^0 ^*gen — To [Q L /T h ouse QL /T amb] 

= 298 - 15 (2#i5- 30^15) = °- 594kW 

The 4 destruction terms do not quite add up to the work input (3.183 kW) as the 
reference T =298.15 K = 25C, had we used 308.15 K instead they would add to the 
work term exactly. 
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9.131 

Assume the house in the previous problem has a combined 12000 kg hard wood, 
2500 kg gypsum plates (Cp = 1 kJ/kg-K) and 750 kg steel all of which is at 20°C. 
If the air conditioner is turned off how fast does the house heat up (°C/s)? 

Since the A/C cools the house at a rate of 12 kW it means there must be a leak 
into the house of 12 kW coming from the warmer ambient. As the A/C is truned 
off it then heats with a rate of 12 kW. As the house T goes up that rate drops 
exponentially in time until the house reaches the ambient 35C. 


Energy Eq. house: 


dE _ dU _ dT _ . 
dt _ dt _ m C dt _ ^ leak 


The thermal capacity is 

m C — (mC) wooc | + (mC)gyp Sum + (mC) stee j 

= 12 000 x 1.26 + 2500 x 1 + 750 x 0.46 = 17 965 kJ/K 


Then 


dT 

dt 


= Qieak/ m C = 12 


kW / 17 965 kJ/K = 0.000668 K/s 
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9.132 

Assume the house in problem 9.129 has a combined 12000 kg hard wood, 2500 
kg gypsum plates (Cp = 1 kJ/kg-K) and 750 kg steel all of which is at 20°C. If the 
heat pump is turned off how fast does the house cool down (°C/s) 

Since the heat pump heats the house at a rate of 9.1 kW it means there must be a 
leak out of the house of 9.1 kW going to the colder ambient. As the heat pump is 
truned off the house then cools with a rate of 9. 1 kW. As the house T drops the 
rate drops exponentially in time until the house reaches the ambient -5C. 

dE _ dU _ dT _ . 

dt - dt - m C dt “ " ^ leak 
is 

(mC) wooc j + (mC)gyp Sum + (mC) stee j 
12 000 x 1.26 + 2500 x 1 + 750 x 0.46 = 17 965 kJ/K 

Qieak/ m C = -9. 1 kW / 17 965 kJ/K = - 0.000506 K/s 


Energy Eq. house: 

The thermal capacity 
m C = 

Then 

dT_ 
dt “ 
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Combined Cycles 
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9.133 

A binary system power plant uses mercury for the high-temperature cycle and 
water for the low-temperature cycle, as shown in Fig. 12.20. The temperatures 
and pressures are shown in the corresponding T-s diagram. The maximum 
temperature in the steam cycle is where the steam leaves the superheater at point 4 
where it is 500°C. Determine the ratio of the mass flow rate of mercury to the 
mass flow rate of water in the heat exchanger that condenses mercury and boils 
the water and the thermal efficiency of this ideal cycle. 

The following saturation properties for mercury are known 

P, MPa T g , °C h f , kJ/kg h g , kJ/kg s f kJ/kgK s g , kJ/kgK 

0.04 309 42.21 335.64 0.1034 0.6073 

1.60 562 75.37 364.04 0.1498 0.4954 

Solution: 

For the mercury cycle: 

s d = s c = 0.4954 = 0. 1034 + x d x 0.5039, x d = 0.7779 
h b = h a - w p HG ~ h a ( since v F is very small) 
q H = h c - h a = 364.04 - 42.21 = 321.83 kJ/kg 

q L = h d - h a = 270.48 - 42.21 = 228.27 kJ/kg 

For the steam cycle: 

s 5 = s 4 = 7.0097 = 0.6493 + x 5 x 7.5009, x 5 = 0.8480 
h 5 = 191.83 + 0.848 x 2392.8 = 2220.8 
w P « Vj(P 2 - Pj) = 0.00101(4688 - 10) = 4.7 kJ/kg 
h 2 = hj + w P = 191.8 + 4.7 = 196.5 
q H (from Hg) = h 3 - h 2 = 2769.9 - 196.5 = 2600.4 
q H (ext. source) = h 4 - h 3 = 3437.4 - 2796.9 = 640.5 
CV: Hg condenser - H 2 0 boiler: 1st law: m Hg (h d - h a ) = m H20 (h 3 - h 2 ) 

_ 2796.9 - 196.5 

m H g ' m H20 - 270.48 - 42.21 _ 11,392 
9h total = (m Hg /m H20 )(h c ■ hb) + Oh - h 3 ) (for 1 kg H 2 0) 

= 11.392 x 321.83 + 640.5 = 4306.8 kJ 
All q L is from the H 2 0 condenser: 

q L = h 5 -h! =2220.8 - 191.8 = 2029.0 kJ 
w net = 9h ■ 9l = 4306.8 - 2029.0 = 2277.8 kJ 
r, TH = w NET /q H = 2277.8/4306.8 = 0.529 
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9.134 

A Rankine steam power plant should operate with a high pressure of 3 MPa, a low 
pressure of 10 kPa, and the boiler exit temperature should be 500°C. The 
available high-temperature source is the exhaust of 175 kg/s air at 600°C from a 
gas turbine. If the boiler operates as a counter flowing heat exchanger where the 
temperature difference at the pinch point is 20°C, find the maximum water mass 
flow rate possible and the air exit temperature. 

Solution: 

C.V. Pump T 

w P = h 2 - hj = - P|) 

= 0.00101(3000 - 10) = 3.02 kJ/kg 
h 2 = hi + w P = 191.83 + 3.02 = 194.85 kJ/kg 
Heat exchanger water states 
State 2a: T 2a = T SAX = 233.9 °C 

h 2a = 1008.42 kJ/kg s 

State 3: h 3 = 3456.5 kJ/kg 

Heat exchanger air states 
inlet : tW in = 903.16 kJ/kg 

State 2a: h air (T 2a + 20) = 531.28 kJ/kg 

Air temperature should be 253. 9°C at the point where the water is at state 2a. 

C.V. Section 2a-3, i-a 

m H2 o( h 3 - h 2a) = ^aiA ' h a ) 

903.16 - 531.28 

m H 2 o - 175 3456.5 - 1008.42 - 26,584 k 8^ s 

Take C.V. Total: m[p G (h 3 - h 2 ) = - h e ) 

=> h e = h i - m H2 o(h 3 - h 2 )/m air 

= 903.6 - 26.584(3456.5 - 194.85)7175 = 408.13 kJ/kg 
=> T e = 406.7 K = 133.6 °C, T e > T 2 = 46.5 °C OK. 
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9.135 

Consider an ideal dual-loop heat-powered refrigeration cycle using R-134a as the 
working fluid, as shown in Fig. P9.135. Saturated vapor at 90°C leaves the boiler 
and expands in the turbine to the condenser pressure. Saturated vapor at -15°C 
leaves the evaporator and is compressed to the condenser pressure. The ratio of 
the flows through the two loops is such that the turbine produces just enough 
power to drive the compressor. The two exiting streams mix together and enter 
the condenser. Saturated liquid leaving the condenser at 45°C is then separated 
into two streams in the necessary proportions. Determine the ratio of mass flow 
rate through the power loop to that through the refrigeration loop. Find also the 

• • 

performance of the cycle, in terms of the ratio Q L /Q H . 


Solution: 





Tj = -15 °C sat. vap. 


Table B.5.1 T 6 = 90°C sat. vapor => P 5 = P 6 = 3.2445 MPa 

Table B.5.1 T 3 = 45°C sat. liquid => P 2 = P 3 = P 7 = 1.1602 MPa 

h 1 = 389.2; h 3 = h 4 = 264.11; h 6 = 425.7 kJ/kg 

C.V. Turbine 

s 7 = s 6 = 1.6671 = 1.2145 + x 7 x 0.4962; x 7 = 0.9121 

h 7 = 264.11 +0.9121 x 157.85 = 408.08 kJ/kg 

C.V. Compressor (computer tables are used for this due to value of P or you do 
a double linear interpolation between 1000 and 1200 kPa to get 1 160.2 kPa) 

s 2 = Sl = 1 .7354, P 2 => T 2 = 52.27°C, h 2 = 429.9 kJ/kg 

CV : turbine + compressor 

Continuity Eq.: m | = m 2 , m 6 = m 7 ; 

Energy Eq.: riijh] + rn 6 h 6 = n^h? + m 6 h 7 
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. . Vji 429.9 - 389.2 

m 6 /m i - h 6 - h 7 “ 425.7 - 408.08 “ 2,31 


C V : pump 

w P = v 3 (P 5 - P 3 ) = 0.00089(3244.5 - 1160.2) = 1.855 kJ/kg 
h 5 = h 3 + w P = 264.11 + 1.855 = 265.96 kJ/kg 

CV: evaporator => Qp = nil (hj - h 4 ) 

CV : boiler => Q H = m 6 (h 6 - h 5 ) 

Ql _ mtCht - h 4 ) _ 389.2 - 264.il 

P “ . “ . , “ 2.31 (425.7 - 265.96) “ 0,34 

Qh m 6( h 6 ' h 5) 
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9.136 

For a cryogenic experiment heat should be removed from a space at 75 K to a 
reservoir at 180 K. A heat pump is designed to use nitrogen and methane in a 
cascade arrangement (see Fig. 9.28), where the high temperature of the nitrogen 
condensation is at 10 K higher than the low-temperature evaporation of the 
methane. The two other phase changes take place at the listed reservoir 
temperatures. Find the saturation temperatures in the heat exchanger between the 
two cycles that gives the best coefficient of performance for the overall system. 

The nitrogen cycle is the bottom cycle and the methane cycle is the top cycle. 
Both are standard refrigeration cycles. 


T Hm=180K = T 3m, T^ 


= 75K = T 4N = T 1N 


T t = T. = T, = T,.. - 10, Trial and error on T, xt or T. . 

Lm 4m lm 3N 3N Lm 


For each cycle we have, 



-w = 
w c 

h 2 " h !’ s 2 = 

s r 

h 2 - h 3 , 

q L = V V 

hi - h 3 


Nitrogen: T 4 

= Tj =75 K 

=> hj = 74.867 kJ/kg, 

s 3 = 5.4609 kJ/kg K 


n 2 

t 3 

h 3 

P2 

h 2 

-w c 

-oh 

0L 

a) 

120 

-17.605 

2.5125 

202.96 

128.1 

220.57 

92.47 

b) 

115 

-34.308 

1.9388 

188.35 

113.5 

222.66 

109.18 

c) 

110 

-48.446 

1.4672 

173.88 

99.0 

222.33 

123.31 

Methane: T 3 

= 180 K => 

h 3 = -0.5 

kJ/kg, P 2 = ; 

3.28655 MPa 



ch 4 

t 4 

hi 

si 

h 2 

-w c 

-oh 

9L 

a) 

110 

221 

9.548 

540.3 

319.3 

540.8 

221.5 

b) 

105 

212.2 

9.691 

581.1 

368.9 

581.6 

212.7 

c) 

100 

202.9 

9.851 

629.7 

426.8 

630.2 

203.4 


The heat exchanger that connects the cycles transfers a Q 


Q Hn = c lHn m n = Q Lm = qL m m m => rilm/mn = qHn/qLm 
The overall unit then has 

Q L 75 K = qLn ; W tot m = - (m n W cn + m m W cm ) 

P = Q l 75 K /W t() t in = qLn/[-W cn -(m m /mn)Wcm] 


Case 

a) 

b) 

c) 


m m/riln 

Wcn+(m m /m n )Wcm 

P 

0.996 

446.06 

0.207 

1.047 

499.65 

0.219 

1.093 

565.49 

0.218 


A maximum coefficient of performance is between case b) and c). 
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9.137 

For Problem 9.134, determine the change of exergy of the water flow and that of 
the air flow. Use these to determine a second law efficiency for the boiler heat 
exchanger. 

From solution to 9.134: 

m H9Q = 26.584 kg/s, h 0 = 194.85 kJ/kg, s 2 = 0.6587 kJ/kg K 

h 3 = 3456.5 kJ/kg, s 3 = 7.2338, s°.= 7.9820, s° e = 7.1762 kJ/kg K 

h. = 903.16 kJ/kg, h =408.13 kJ/kg 

1 6 

i|/ 3 - 1|/ 2 = h 3 - h 2 - T q (s 3 - s 2 ) = 1301.28 kJ/kg 

¥i - ¥ e = h i - h e - T 0 ( S Ti " S Te) = 254/78 kJ/k S 

(¥3 - V 2 ) 1301.28 X 26.584 

“ 254.78 x 175 " 0,776 

K - V e ) m air 
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Review Problems 
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9.138 

Do Problem 9.31 with R-134a as the working fluid in the Rankine cycle. 

Consider the ammonia Rankine-cycle power plant shown in Fig. P9.31, a plant 
that was designed to operate in a location where the ocean water temperature is 
25 °C near the surface and 5°C at some greater depth. The mass flow rate of the 
working fluid is 1000 kg/s. 

a. Determine the turbine power output and the pump power input for the cycle. 

b. Determine the mass flow rate of water through each heat exchanger. 

c. What is the thermal efficiency of this power plant? 

Solution: 


a) Turbine 

s 2 = Sl = 1.7183 = 1.0485 +x 2 x 0.6733 => 


x 2 = 0.9948 


h 2 = 213.58 + 0.9948 x 190.65 = 403.24 kJ/kg 
w T = hj - h 2 = 409.84 - 403.24 = 6.6 kJ/kg 


W T = mw x = 6600 kW 

Pump: w P « v 3 (P 4 - P 3 ) = 0.000794(572.8 - 415.8) = 0.125 kJ/kg 

w P = w P /r| s = 0.125 => W P = mwp = 125 kW 

b) Consider the condenser heat transfer to the low T water 


QtoiowTH20 = 1 000(403.24 - 2 i 3 . 5 8) = 189 660 kW 

189660 


m, 


= 22 579 kg/s 


WTH20- 29.38 - 20.98 

h 4 = h 3 - w P = 213.58 + 0.125 = 213.71 kJ/kg 
Now consider the boiler heat transfer from the high T water 

Qfrom high T H20 = 1000(409.84 - 213.71) = 196 130 kW 

196130 

m high t H 20 - 104.87 - 96.50 - 432 kg/s 

, A 6600 - 125 

c) tIth - w net/Qh - 196130 _ 0*033 
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9.139 

A simple steam power plant is said to have the four states as listed: 1: (20°C, 100 

kPa), 2: (25°C, 1 MPa), 3: (1000°C, 1 MPa), 4: (250°C, 100 kPa) with an energy 

source at 1 100°C and it rejects energy to a 0°C ambient. Is this cycle possible? 

Are any of the devices impossible? 

Solution: 

The cycle should be like Figure 9.3 for an ideal or Fig.9.15 for an actual pump 
and turbine in the cycle. We look the properties up in Table B.l: 

State 1: hj = 83.94 , sj = 0.2966 State 2: h 2 = 104.87, s 2 = 0.3673 

State 3: h 3 = 4637.6 , s 3 = 8.9119 State 4: h 4 = 2974.3, s 4 = 8.0332 

We may check the overall cycle performance 

Boiler: q H = h 3 - h 2 = 4637.6 - 104.87 = 4532.7 kJ/kg 

Condenser: qL = h 4 - hi = 2974.3 - 83.94 = 2890.4 kJ/kg 

0 cycle = 9net ' 9h = (9h - 9l) 1 9h = 1642.3 / 4532.7 = 0.362 
_ , 273.15 

Bcarnot = 1 " = 1 ■ 273.15 + 1100 = > ^cycle OK 


Check the second law for the individual devices: 

C.V. Boiler plus wall to reservoir 

9h 4532.7 

s gen = s 3 ' s 2 ' j = 8.9119 -0.3673 - ^73 =5.24 kJ/kg K >0 OK 

C.V. Condenser plus wall to reservoir 

9l 2890.4 

Sgen = Sj - s 4 + = 0.2966 - 8.0332 + 273 = 2.845 kJ/kg K > 0 OK 

C.V. Pump: w p = h 2 - hi = 20.93 kJ/kg ; 

s gen = s 2 - sj = 0.3673 - 0.2966 = 0.0707 kJ/kg K > 0 OK 
C.V. Turbine: w T = h 3 - h 4 = 4637.6 - 2974.3 = 1663.3 kJ/kg 
Sgen = s 4 - s 3 = 8.0332 - 8.9119 = - 0.8787 kJ/kg K 

s g en < 0 NOT POSSIBLE 
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9.140 

A supercritical power plant has a high pressure of 30 MPa and the boiler heats the 

water to 500°C with 45°C in the condenser. To avoid a quality in the turbine of 
less than 92% determine the pressure(s) at which to make reheat (look only at the 
P’s listed in Table B.l do not interpolate between them) if the reheat takes it up to 

400°C. 

Let us work backwards from the lowest towards the highest pressures. What state 
should the steam come from if the final exit state is at 45°C and x = 0.92? 

State 45°C and x = 0.92: s = 0.6386 + 0.92 x 7.5261 = 7.5626 kJ/kgK 

The reheat should then produce 400°C, s > 7.5626 kJ/kgK , 

B.l. 2: At P = 800 kPa, 400°C, s = 7.5715 kJ/kgK. 

At 800 kPa, x = 0.92: s = 2.0461 + 0.92 x 4.6166 = 6.2934 kJ/kgK 

The next reheat should then produce 400°C, s > 6.2934 kJ/kgK , 

B.l. 2: At P = 8000 kPa, 400°C, s = 6.3633 kJ/kgK. 

At 8000 kPa, x = 0.92: s = 3.2067 + 0.92 x 2.5365 = 5.5403 kJ/kgK 

At 30 MPa, 500°C : s = 5.7904 kJ/kgK so this is fine. 

Comment: In reality you do not want any two-phase states in the high pressure 
sections of the turbine, so if that is a condition you expand from the inlet to a state 
the closest to sat. vapor (8000 kPa) reheat to 400 C, then expand again to near sat. 
vapor giving about 2000 kPa, reheat to 400 C and expand again for a final reheat 
at 500 kPa. 

The processes for the different steps are shown generated by CATT3 using the 
plot process from the Options menu drop down select plot proces. 

Starting from the 45°C and x = 0.92 a process is plotted with constant s to 400°C. 
Then starting with 400°C, 800 kPa a constant pressure process is plotted to x = 
0.92 followed by another constant s process up to 400°C. Again a constant 
pressure process from 400°C, 8000 kPa to x = 0.92 followed by a constant s 

process from the original 30 MPa, 500°C down to 8000 kPa to verify the final 
step. The curves do not match precisely as the table entries were chosen to match 
the hand calculations. 

The curves are shown on the following page. 
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Notice how close to the saturated vapor curve the x = 0.92 states are. 
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9.141 

A dairy farmer needs to heat a 0. 1 kg/s flow of milk from room temperature 20°C 

to 60°C to pasteurize it and then send the flow through a cooler bringing it to 10° 
C for storage. He wants to by a heat pump to do this and finds one using R-134a 
with a high pressure of 3 MPa and a low pressure of 300 kPa. The farmer is very 
clever and uses the heat pump to heat the milk in a heat exchanger after which the 
milk flows through the evaporator heat exchanger to cool it. Find the power 
required to run the heat pump so it can do both the heating and the cooling 
assuming milk has the properties of water. Is there any excess heating or cooling 
capacity? What is the total rate of exergy destruction by running this system? 

Do the refrigeration cycle. 

State 1 (300 kPa, x = 1): h, = 398.69 kJ/kg, Sj = 1.7259 kJ/kgK, = 0.56°C 

State 2 (3000 kPa, s = Si): h 2 = 445.90 kJ/kg, T 2 = 95.5°C 

State 3 (3000 kPa, x = 0): h 3 = 335.225 kJ/kg, s 3 = 1.4186 kJ/kgK, T 3 = 86.2°C 


Evaporator: 

Condenser: 

Compressor: 

COP: 


q L = fq - h 4 = hj - h 3 = 398.69 - 335.225 = 63.465 kJ/kg 


q H = h 2 - h 3 = 445.90 - 335.225 = 110.675 kJ/kg 


w c = h 2 - fq = 445.90 - 398.69 = 47.21 kJ/kg, 
p = q L /w c = 63.465 /47.21 = 1.344 


Since we need to cool more than we need to heat, the heat pump needs to be sized 
to the cooling. From the definition of COP and the milk heat transfer required: 

Q l = mC p (T 2 - T 3 ) = 0.1 x 4.18 (60 - 10) = 20.9 kW = p W 
Qh milk = mC p (T 2 - Tj) = 0.1 x 4.18 (60 - 20) = 16.72 kW 

W = Q l /p = 20.9 kW/1.344 = 15.55 kW; Q H = W + Q L = 36.45 kW 


Qh extra = Qh - Qh milk - 36.45 - 16.72 - 19.73 kW 

For exergy we have work in and flow in with zero (T 0 ), heat dumped into the 
ambient also assumed zero and then the cold flow out with a positive exergy. 

%w out = m [ h 3 - h l - T o( s 3 - s l)] = mC p[ T 3 - T 1 - T o ln(T 3 /T,)J 
= 0.1 X 4.18 [-10 - 293 ln(283/293)] = 0.073 kW 

®destr = W - 6 flow out = 15.55 - 0.073 = 15.48 kW 
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If we take control volume total (as shown) then the s generation can be found 

0 — m(Sj — S3) — (Qh " Qh milkV^o ^gen 

• • 

and then ® destr = T 0 S 2en giving the same result. 

Comment: Clearly the extra heat out at 86°C could be useful and the cycle can 
be run with a slightly lower high pressure as it only need to heat the milk to 60°C. 
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9.142 


Consider an ideal combined reheat and regenerative cycle in which steam enters 
the high-pressure turbine at 3.0 MPa, 400°C, and is extracted to an open 
feedwater heater at 0.8 MPa with exit as saturated liquid. The remainder of the 
steam is reheated to 400°C at this pressure, 0.8 MPa, and is fed to the low- 
pressure turbine. The condenser pressure is 10 kPa. Calculate the thermal 
efficiency of the cycle and the net work per kilogram of steam. 

Solution: 

In this setup the flow is separated into fractions x and 1-x after coming out of Tl. 
The two flows are recombined in the FWH. 

C.V. Tl s 6 = s 5 = 6.9211 kJ/kgK => h 6 = 2891.6 kJ/kg 

w xl = h 5 - h 6 = 3230.82 - 2891.6 = 339.22 kJ/kg 

C.V. Pump 1: 

Wpi = h 2 - hj = v^Pt - Pj) = 0.00101(800 - 10) = 0.798 kJ/kg 
=> h 2 = hj + w pi = 191.81 + 0.798 = 192.61 kJ/kg 




C.V. FWH, h 3 = h f = 721.1 

Energy equation per unit mass flow exit at 3: 

h3-h 2 721,1 - 192.61 

x h 6 + ( 1 - x) h 2 - h 3 -> x - h 6 -h 2 " 2891.6- 192.61 


0.1958 


C.V. Pump 2 

w p2 = h 4 - h 3 = v 3 (P 4 - P 3 ) = 0.001 1 15(3000 - 800) = 2.45 kJ/kg 
=> h 4 = h 3 + w P2 = 721.1 + 2.45 = 723.55 kJ/kg 

C.V. Boiler/steam generator including reheater. 

Total flow from 4 to 5 only fraction 1-x from 6 to 7 

q H = h 5 - h 4 + (1 - x)(h 7 - h 6 ) = 2507.3 + 301.95 = 2809.3 kJ/kg 
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C.V. Turbine 2 

s 8 = s 7 = 7.5715 kJ/kgK => x 8 = (7.5715 - 0.6492)/7.501 = 0.92285 

h 8 = hf + x 8 h fg = 191.81 + 0.92285 x 2392.82 = 2400.0 kJ/kg 

w X2 = h 7 - h 8 = 3267.07 - 2400.02 = 867.05 kJ/kg 

Sum the work terms to get net work. Total flow through T1 only fraction 1-x 
through T2 and PI and after FWH we have the total flow through P2. 

w net = W T1 + (1 - X) W T2 - (1 - X) W P1 - W p2 

= 339.2 + 697.3 - 0.64 - 2.45 = 1033.41 kJ/kg 
r) cy C ie = w net / q H = 1033.41 / 2809.3 = 0.368 
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9.143 


An ideal steam power plant is designed to operate on the combined reheat and 
regenerative cycle and to produce a net power output of 10 MW. Steam enters the 
high-pressure turbine at 8 MPa, 550°C, and is expanded to 0.6 MPa, at which 
pressure some of the steam is fed to an open feedwater heater, and the remainder 
is reheated to 550°C. The reheated steam is then expanded in the low-pressure 
turbine to 10 kPa. Determine the steam flow rate to the high-pressure turbine and 
the power required to drive each of the pumps. 



h 2 = hj - w P12 = 191.8 + 0.6 = 192.4 kJ/kg 

-w P34 = 0.00101(8000 - 600) = 8.1 kJ/kg 

h 4 = h 3 - w p34 = 670.6 + 8.1 = 678.7 ; h 5 = 3521.0 kJ/kg, 

s 6 = s 5 = 6.8778 => T 6 = 182.32 °C h 6 = 2810.0 kJ/kg, 
h 7 = 3591.9, s 8 = s 7 = 8.1348 = 0.6493 + x 8 x 7.5009 => x 8 = 0.9979 
h 8 = 191.83 + 0.9979 x 2392.8 = 2579.7 kJ/kg 
CV: heater 

Cont: m 6a + m 2 = m 3 = 1 kg, Energy Eq: m 6a h 6 + m 2 h 2 = m 3 h 3 

670.6 - 192.4 

"^ = 0.1827, m 2 = m 7 = 1 - m 6a = 0.8173 


m6a_ 2810.0- 192 


CV: turbine 


w x = (h 5 - h 6 ) + (1 - m 6a )(h 7 - h 8 ) 

= 3521 - 2810 + 0.8173(3591.9 - 2579.7) = 1538.2 kJ/kg 


CV: pumps 


w P = m 2 w P]2 + m 4 Wp 34 = 0.8214x(-0.6) + lx(-8.1) = -8.6 kJ/kg 
w Net = 1538.2 - 8.6 = 1529.6 kJ/kg (m 5 ) 


m^ = W Net /w Net = 10000/1529.6 = 6.53 kg/s 
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9.144 

An industrial application has the following steam requirement: one 10-kg/s stream 
at a pressure of 0.5 MPa and one 5-kg/s stream at 1.4 MPa (both saturated or 
slightly superheated vapor). It is obtained by cogeneration, whereby a high- 
pressure boiler supplies steam at 10 MPa, 500°C to a reversible turbine. The 
required amount is withdrawn at 1.4 MPa, and the remainder is expanded in the 
low-pressure end of the turbine to 0.5 MPa providing the second required steam 
flow. 

a. Determine the power output of the turbine and the heat transfer rate in the 
boiler. 

b. Compute the rates needed were the steam generated in a low-pressure boiler 
without cogeneration. Assume that for each, 20°C liquid water is pumped to the 
required pressure and fed to a boiler. 


Solution: 



high-pressure turbine. 

s 4 = s 3 = 6.5966 kJ/kg K => T 4 = 219.9 °C, h 4 = 2852.6 kJ/kg 
w s HPT = h 3 - h 4 = 3373.7 - 2852.6 = 521.1 kJ/kg 
low-pressure turbine 

s 5 = s 4 = 6.5966 = 1.8607 + x 5 x 4.9606, x 5 = 0.9547 
h 5 = 640.23 + 0.9547 x 2108.5 = 2653.2 kJ/kg 
w s LPT = h 4 - h 5 = 2852.6 - 2653.2 = 199.4 kJ/kg 


W TU rb = 15 x 521.1 + 10 x 199.4 = 9810 kW 

W P = 15 x 0.001002 (10 000 - 2.3) = 150.3 kW 
h 2 = fq + w P = 83.96 + 10.02 = 94.0 kJ/kg 
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Q h = m 1 (h 3 - h 2 ) = 15(3373.7 - 94.0) = 49 196 kW 


b) Without cogeneration 

This is to be compared to the amount of heat required to supply 5 kg/s of 1.4 MPa 
sat. vap. plus 10 kg/s of 0.5 MPa sat. vap. from 20°C water. 



Pump 1 and boiler 1 

w P = 0.001002(1400 - 2.3) = 14.0 kJ/kg, 
h 2 = hj + w P = 83.96 + 14.0 = 85.4 kJ/kg 

2 Q 3 = m^ - h 2 ) = 5(2790.0 - 85.4) = 13 523 kW 

W P1 = 5 x 14.0 = 7 kW 
Pump 2 and boiler 2 

h 5 = h 4 + w p2 = 83.96 + 0.001002(500 - 2.3) = 84.5 kJ/kg 
5 Q 6 = m 4 (h 6 - h 5 ) = 10(2748.7 - 84.5) = 26 642 kW 
W p2 = 10 x 0.5 = 5 kW 
Total Q h = 13523 + 26642 = 40 165 kW 

Notice here that the extra heat transfer is about 9000 kW to run the turbines but 
that provides 9800 kW of work for electricity (a 100% conversion of the extra Q 
to W). 
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9.145 


The effect of a number of open feedwater heaters on the thermal efficiency of an 
ideal cycle is to be studied. Steam leaves the steam generator at 20 MPa, 600°C, 
and the cycle has a condenser pressure of 10 kPa. Determine the thermal 
efficiency for each of the following cases. A: No feedwater heater. B: One 
feedwater heater operating at 1 MPa. C: Two feedwater heaters, one operating at 
3 MPa and the other at 0.2 MPa. 


a) no feed water heater 

2 

w p = / vdP 

t 

* 0 . 00101(20000 - 10 ) 

= 20.2 kJ/kg 

h 9 = hj + w p = 191.8 + 20.2 = 212.0 
s 4 = s 3 = 6.5048 
= 0.6493 + x 4 x 7.5009 
x 4 = 0.78064 

h 4 = 191.83 + 0.780 64 x 2392.8 
= 2059.7 

w T = h 3 - h 4 = 3537.6 - 2059.7 
= 1477.9 kJ/kg 

w N = w T - w p = 1477.9 - 20.2 = 1457.7 
q H = h 3 - h 9 = 3537.6 - 212.0 = 3325.6 




W N_ 1457.7 
q H “ 3325.6 


= 0.438 


b) one feedwater heater 
w pp = 0.00101(1000- 10) 

= 1.0 kJ/kg 

h 9 = \ + w pi2 = 191.8 + 1.0 = 192.8 
w p34 = 0.001127 (20000- 1000) 

= 21.4 kJ/kg 

h 4 = h 3 + w p34 = 762.8 + 21.4 = 784.2 
s = s = 6.5048 

O J 

= 2.1387 + x, x 4.4478 

D 
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x =0.9816 

D 

h, = 762.8 + 0.9816 x 2015.3 = 2741.1 

O 

CV: heater 

const: m 3 = m 6 + m, = 1.0 kg 
1st law: m,h, + m,h, = m-fu 

oo z z 3 3 

_ 762.8 - 192.8 _ 
m 6“ 2741.1 - 192.8 -°- 2237 



nx, = 0.7763, h 7 = 2059.7 ( = h 4 of part a) ) 

CV: turbine w T = (h 5 - h 6 ) + nx,(h 6 - h ? ) 

= (3537.6 - 2741.1) + 0.7763(2741.1 - 2059.7) = 1325.5 kJ/kg 
CV: pumps 

w p = nijWpp + m 3 w p34 = 0.7763(1.0) + 1(21.4) = 22.2 kJ/kg 
w N = 1325.5 - 22.2 = 1303.3 kJ/kg 
CV : steam generator 

q H = h 5 - h 4 = 3537.6 - 784.2 = 2753.4 kJ/kg 
r, TH = w N /q H = 1303.3/2753.4 = 0.473 


c) two feedwater heaters 
wpi2 = 0.00101 x 
(200 - 10 ) 

= 0.2 kJ/kg 

h 2 = W P12 + ll l 

= 191.8+0.2 
= 192.0 

w p34 = 0.001061 x 

(3000 - 200) 

= 3.0 kJ/kg 

^4 _ ^3 + W P34 

= 504.7 + 3.0 
= 507.7 
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w p56 = 0.001217(20000 - 3000) 

= 20.7 kJ/kg 

h = h + w„„ = 1008.4 + 20.7 = 1029.1 

o j rjo 

s 8 = s 7 = 6.5048) T 8 = 293.2 °C 

at P 8 = 3 MPa J h g = 2974.8 

s 9 = s 8 = 6.5048 = 1.5301 + x 9 x 5.5970 



x 9 = 0.8888 => h 9 = 504.7 + 0.888 x 2201.9 = 2461.8 kJ/kg 
CV: high pressure heater 

cont: m 5 = m 4 + m g = 1.0 kg ; 1st law: m .h_ = m 4 h 4 + m g h 8 

1008.4 - 507.7 

m 8 _ 2974.8 - 507.7 - 0.2030 m 4 - 0.7970 
CV : low pressure heater 

cont: m 9 + m 9 = m 3 = m 4 ; 1st law: m 9 h 9 + m 2 h 0 = m 3 h 3 

0.7970(504.7 - 192.0) 
m 9~ 2461.8 - 192.0 -°- 1098 


m 2 = 0.7970 -0.1098 = 0.6872 

CV: turbine 


w T = (h ? - h g ) + (1 - m g )(h g - h 9 ) + (1 - m g - m 9 )(h 9 - h 1Q ) 

= (3537.6 - 2974.8) + 0.797(2974.8 - 2461.8) 

+ 0.6872(2461.8 - 2059.7) = 1248.0 kJ/kg 

CV: pumps 


w = m w + m w + m w 
P 1 P12 3 P34 5 P56 


= 0.6872(0.2) + 0.797(3.0) + 1(20.7) = 23.2 kJ/kg 
w N = 1248.0 - 23.2 = 1224.8 kJ/kg 

CV : steam generator 

q H = h ? - h 6 = 3537.6 - 1029.1 = 2508.5 kJ/kg 
r, TH = w N /q H = 1224.8/2508.5 = 0.488 
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9.146 

A jet ejector, a device with no moving parts, functions as the equivalent of a 

coupled turbine-compressor unit (see Problems 7.165 and 7.172). Thus, the 

turbine-compressor in the dual-loop cycle of Fig. P9.135 could be replaced by a 

jet ejector. The primary stream of the jet ejector enters from the boiler, the 

secondary stream enters from the evaporator, and the discharge flows to the 

condenser. Alternatively, a jet ejector may be used with water as the working 

fluid. The purpose of the device is to chill water, usually for an air-conditioning 

system. In this application the physical setup is as shown in Fig. P9.146. Using 

the data given on the diagram, evaluate the performance of this cycle in terms of 

the ratio Q /Q . 

L H 


a. Assume an ideal cycle. 

b. Assume an ejector efficiency of 20% (see Problem 7. 172). 



(from mixing streams 4 & 9). 

P 3 = P 4 = P 5 = P g = P 9 = P ]0 = P Q 3Q o c = 4.246 kPa 

Pn = P 2 = P Q 150 ° c = 475.8 kPa, P 1 = P g = P 7 = P G io o c = 1.2276 kPa 


Cont: nij + m 9 = m 5 + m [0 , m 5 = m & = m ? + n^ 

m 7 = m 8 = m 9 , m 10 = m n = m 2 , m 3 = m 4 

a) m 1 + m 2 = m 3 ; ideal jet ejector 

sj = Sj & s 2 = s 2 (1'&2' atP 3 = P 4 ) 

then, irLjfh' - hj) = m 2 (h 2 - h') 
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From s 2 = s 2 = 0.4369 + x' x 8.0164; x' = 0.7985 

h' = 125.79 + 0.7985 x 2430.5 = 2066.5 kJ/kg 

From sj = Sj = 8.9008 => TJ = 112°C, h[ = 2710.4 kJ/kg 

m 1 /m 2 - 27io.4 - 2519.8 - 3 ' 5677 
Also h 4 = 125.79 kJ/kg, h ? = 42.01 kJ/kg, h g = 83.96 kJ/kg 

Mixing of streams 4 & 9 => 5 & 10: 

(m, + m 2 )h 4 + m ? h 9 = (m ? + m^+ m 2 )h 5 = 1Q 

Flash chamber (since h fi = h/ : (m 7 +m 1 )h 5 _ = m^ + iix^ 

=> using the primary stream m, = 1 kg/s: 

4.5677 x 125.79 + m ? x 83.96 = (m ? + 4.5677)h s 

& (m 7 + 3.5677)h 5 = 3.5677 x 2519.8 + m ? x 42.01 

Solving, m ? = 202.627 & h 5 = 84.88 kJ/kg 
LP pump: -w Lpp = 0.0010(4.246 - 1.2276) = 0.003 kJ/kg 
h g = h ? - w Lp p = 42.01 + 0.003 = 42.01 kJ/kg 

Chiller: Q L = m 7 (h 9 -h 8 ) = 202.627(83.96 - 42.01) = 8500 kW (for m 2 = 1) 
HP pump: -w Hp p = 0.001002(475.8 - 4.246) = 0.47 kJ/kg 
h n = h J0 - W HP P = 84.88 + 0.47 = 85.35 kJ/kg 

Boiler: Q n = m n (h 2 - h n ) = 1(2746.5 - 85.35) = 2661.1 kW 

=> Q l /Q h = 8500/2661.1 = 3.194 
b) Jet eject, eff. = (riym^^riij/m^^ = 0.20 
=> (111/1112)^ = 0.2 x 3.5677 = 0.7135 
using m 9 = 1 kg/s: 1.7135 x 125.79 + m 7 x 83.96 = (m 7 + 1.7135)h 5 

& (m ? + 0.7135)h 5 = 0.7135 x 2519.8 + m ? x 42.01 
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Solving, m ? = 39.762 & h 5 = h [0 = 85.69 kJ/kg 

Then, Q L = 39.762(83.96 - 42.01) = 1668 kW 
h n = 85.69 + 0.47 = 86.16 kJ/kg 

Q h = 1(2746.5 - 86.16) = 2660.3 kW 

& Ql/Qh = 1668/2660.3 = 0.627 
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Computer Problems 
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9.192 a 

A refrigerator with R-12 as the working fluid has a minimum temperature of 
-10°C and a maximum pressure of 1 MPa. Assume an ideal refrigeration cycle as 
in Fig. 9.23. Find the specific heat transfer from the cold space and that to the hot 
space, and the coefficient of performance. 

Solution: 

Exit evaporator sat. vapor -10°C from CATT3: fq = 183.19, s 1 = 0.7019 kJ/kgK 
Exit condenser sat. liquid 1 MPa from CATT3: h 3 = 76.22 kJ/kg 
Compressor: s 2 = s 3 & P 2 from CATT3 => h 2 = 210.1 kJ/kg 
Evaporator: q L = h 1 - h 4 = h 1 - h 3 = 183.19 - 76.22 = 107 kJ/kg 

Condenser: q H = h 2 - h 3 = 210.1 - 76.22 = 133.9 kJ/kg 

COP: p = q L /w c = q L /(q H - q L ) = 3.98 


Ideal refrigeration cycle 
P cond = P 3= P 2 = 1 MPa 
T eV ap = -10 o C = T 1 

Properties from CATT3 
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9.192 b 

Consider an ideal refrigeration cycle that has a condenser temperature of 45 °C 
and an evaporator temperature of-15°C. Determine the coefficient of 
performance of this refrigerator for the working fluid R-12. 


Solution: 


Ideal refrigeration cycle 
Tcond = 45°C = T, 


T — -1 — T 

1 e vap — 1 J ^ ~~ 1 1 



Compressor 


Exp. valve 
Evaporator 


Property for: 

R-12 

hi, kJ/kg 

180.97 

s 2 = s 1; kJ/kg K 

0.7051 

P 2 , MPa 

1.0843 

t 2 , °c 

54.7 

h 2 , kJ/kg 

212.63 

w c = h 2 - h! 

31.66 

h 3 = h 4 , kJ/kg 

79.71 

q L = hi - h 4 

101.26 

P = qi/w c 

3.198 


The properties are from the computer program CATT3. 
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9.192 c 

A refrigerator in a meat warehouse must keep a low temperature of -15°C and the 
outside temperature is 20°C. It uses R-12 as the refrigerant which must remove 5 
kW from the cold space. Find the flow rate of the R-12 needed assuming a 
standard vapor compression refrigeration cycle with a condenser at 20°C. 

Solution: 

Basic refrigeration cycle: Tj = T 4 = -15°C, T 3 = 20°C 

Computer Tables CATT3: h 4 = h 3 = 54.87 kJ/kg; hj = h„ = 180.97 kJ/kg 


Ql = m R-12 x 9 l = m R-12( h l - h 4) 
q L = 180.97 - 54.87 = 126.1 kJ/kg 

m R . 12 = 5.0 / 126.1 = 0.03965 kg/s 


Ideal refrigeration cycle 
20°C 

-15°C = T 1 


A T 



s 


^cond 

T 

A evap 
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9.192 d 

In an actual refrigeration cycle using R-12 as the working fluid, the refrigerant flow 
rate is 0.05 kg/s. Vapor enters the compressor at 150 kPa, -10°C, and leaves at 1.2 
MPa, 75°C. The power input to the compressor is measured and found be 2.4 kW. 
The refrigerant enters the expansion valve at 1.15 MPa, 40°C, and leaves the 
evaporator at 175 kPa, -15°C. Determine the entropy generation in the compression 
process, the refrigeration capacity and the coefficient of performance for this cycle. 

Solution: 

Actual refrigeration cycle 

1: compressor inlet Tj = -10°C, Pi = 150 kPa 
2: compressor exit T 2 = 75°C, P 2 = 1.2 MPa 

3: Expansion valve inlet T 3 = 40°C 
P 3 = 1.15 MPa 

5: evaporator exit T 5 = -15°C, P 5 = 175 kPa 

CATT3: h x = 184.8, Sj = 0.7324, h 2 = 226.7, s 2 = 0.741 

CV Compressor: hj + q COMP + w COMP = h 2 ; Sj + 1 dq/T + s gen = s 2 

w comp = W COM p/in = 2.4/0.05 = 48.0 kJ/kg 
Ocomp = ' w comp ' = 226.7 - 48.0 - 184.8 = -6.1 kJ/kg 

Sgen = S 2 - Si - q / T 0 = 0.741 - 0.7324 + 6.1/298.15 = 0.029 kj / kg K 
C.V. Evaporator 

q L = h 5 - h 4 = 181.5 - 74.59 = 106.9 kJ/kg 

=> Q l = mq L = 0.05 x 106.9 = 5.346 kW 
COP: p = q L /w COMP = 106.9/48.0 = 2.23 
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9.193 a 

Do Problem 9.21 with R-22 as the working fluid. 

A supply of geothermal hot water is to be used as the energy source in an ideal 
Rankine cycle, with R-134a as the cycle working fluid. Saturated vapor R-134a 
leaves the boiler at a temperature of 85°C, and the condenser temperature is 40°C. 
Calculate the thermal efficiency of this cycle. 

Solution: 

CV: Pump (use R-22 Computer Table in CATT3) 

2 

Wp = h 2 - hj = / vdP « VjCPj-Pj) = 0.000884(4037 - 1534) = 2.21 kJ/kg 

l 

h 2 = hi + w P = 94.27 + 2.21 = 96.48 kJ/kg 
CV: Boiler: q H = h 3 - h 2 = 253.69 - 96.48 = 157.21 kJ/kg 
CV: Turbine 

s 4 = s 3 = 0.7918 = 0.3417 + x 4 x 0.5329, => x 4 = 0.8446 
h 4 = 94.27 + 0.8446 x 166.88 = 235.22 kJ/kg 
w x = h 3 - h 4 = 253.69 - 235.22 = 18.47 kJ/kg 
Pth = w NET /q H = (18.47 - 2.21)7157.21 = 0.1034 
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9.193 b 

Do problem 9.65 with R-22 as the working fluid. 

A flow with 2 kg/s of water is available at 95 °C for the boiler. The restrictive 

factor is the boiling temperature of 85°C. Therefore, break the process up from 2- 
3 into two parts as shown in the diagram. 



at 85°C 


Properties from CATT3. 

-Q ab = m H 20 (h A - h B) = 2(397.94 - 355.88) = 84.12 kW 

= m R _ 22 (253.69 - 165.09) => m R . 22 = 0.949 kg/s 
To verify that Tq = T 3 is the restrictive factor, find Tc- 

-Q ac = 0.949(165.09 - 96.48) = 65.11 = 2.0(355.88 - h c ) 
h c = 323.32 kJ/kg => T c = 77.2°C OK 

State 1: 40°C, 1533.5 kPa, v, = 0.000884 m 3 /kg 

CV Pump: w P = Vl (P 2 -Pj) = 0.000884(4036.8 - 1533.5) = 2.21 kJ/kg 

CV: Turbine 

s 4 = s 3 = 0.7918 = 0.3417 +x 4 x 0.5329 => x 4 = 0.8446 
h 4 = 94.27 + 0.8446 x 166.88 = 235.22 kJ/kg 
Energy Eq.: w T = h 3 - h 4 = 253.69 - 235.22 = 18.47 kJ/kg 

Cycle: w net = w T - w P = 18.47 - 2.21 = 16.26 kJ/kg 

W NET = m R 22 w NET = 0.949 x 16.26 = 15.43 kW 
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9.193 c 

Consider an ideal refrigeration cycle that has a condenser temperature of 45 °C 
and an evaporator temperature of-15°C. Determine the coefficient of 
performance of this refrigerator for the working fluid R-22. 


Solution: 


Ideal refrigeration cycle 
Tcond = 45°C = T, 


T — -1 — T 

1 e vap — 1 J ^ ~~ 1 1 



Compressor 


Exp. valve 
Evaporator 


Property for: 

R-22 

hi, kJ/kg 

244.13 

s 2 = s 1; kJ/kg K 

0.9505 

P 2 , MPa 

1.729 

t 2 , °c 

74.4 

h 2 , kJ/kg 

289.26 

w c = h 2 - h! 

45.13 

h 3 = h 4 , kJ/kg 

100.98 

q L = hi - h 4 

143.15 

P = qi/ w c 

3.172 


The properties are from CATT3. 
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9.193 SI version of d) 


The refrigerant R-22 is used as the working fluid in a conventional heat pump 
cycle. Saturated vapor enters the compressor of this unit at 10°C; its exit 
temperature from the compressor is measured and found to be 85°C. If the 
compressor exit is at 2 MPa what is the compressor isentropic efficiency and the 
cycle COP? 


Solution: 

R-22 heat pump: 

Computer Table 

State 1: T EV ap = 10°C, x = 1 

hj = 253.42 kJ/kg, Sj = 0.9129 kJ/kg K 

State 2: T 2 , P 2 : h 2 = 295.17 kJ/kg 



C.V. Compressor 
Energy Eq.: 

State 2s: 2 MPa , 
Efficiency: 



w c ac = h 2 - hi = 295.17 - 253.42 = 41.75 kJ/kg 

= sj = 0.9129 kJ/kg T 2S = 69°C, h 2S = 280.2 kJ/kg 

w cs h 2S - h t 280.2 - 253.42 
11 _w Cac _ h 2 - hj _ 295.17 - 253.42 ~~ 0,6414 


C.V. Condenser 

Energy Eq.: q H = h 2 - h 3 = 295.17 - 109.6 = 185.57 kJ/kg 


COP Heat pump: 



9h 

w Cac 


185.57 

41.75 


= 4.44 
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Rankine cycles 
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9.147 

A steam power plant, as shown in Fig. 9.3, operating in a Rankine cycle has 

saturated vapor at 600 lbf/in. leaving the boiler. The turbine exhausts to the condenser 

operating at 2.23 lbf/in. . Find the specific work and heat transfer in each of the ideal 
components and the cycle efficiency. 

Solution: 

For the cycle as given: 

1: hj = 97.97 Btu/lbm, v 1 = 0.01625 ft 3 /lbm, 

3: h =h = 1204.06 Btu/lbm, s, = s = 1.4464 Btu/lbm R 

3 g 3 g 

C.V. Pump Reversible and adiabatic. 

Energy: w p = h 2 - h^ ; Entropy: s 2 = Sj 

since incompressible it is easier to find work (positive in) as 

w p = J v dP = Vj(P 9 - Pj) = 0.01625 ft 3 /lbm x (600 - 2.2) psi xl44 in 2 /ft 2 

= 1398.85 lbf-ft = 1.8 Btu/lbm 
h 2 = hj + w p = 97.97 + 1.8 = 99.77 Btu/lbm 

C.V. Boiler: q u = h - h = 1204.06 - 99.77 = 1104.3 Btu/lbm 

A ri j Z 

C.V. Tubine: w T = h 3 - h 4 , s 4 = s 3 

s 4 = s 3 = 1.4464 = 0.1817 +x 4 x 1.7292 => x 4 = 0.7314, 
h 4 = 97.97 + 0.7314 x 1019.78 = 843.84 Btu/lbm 
w T = 1204.06 - 843.84 = 360.22 Btu/lbm 

^ cycle = ( w t ' w p^9h = (360.22 - 1.8)/1 104.3 = 0.325 
C.V. Condenser: q L = h 4 - = 843.84 - 97.97 = 745.9 Btu/lbm 


Boiler 



A T 
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9.148 

Consider a solar-energy-powered ideal Rankine cycle that uses water as the 
working fluid. Saturated vapor leaves the solar collector at 150 psia, and the condenser 

pressure is 0.95 lbf/in. . Determine the thermal efficiency of this cycle. 

H 9 0 ideal Rankine cycle 
CV: turbine 

State 3: Table F.7.1 h 3 = 1194.91 Btu/lbm, s 3 = 1.5704 Btu/lbm R 

CV Turbine adiabatic and reversible so second law gives 

s 4 = s 3 = 1.5704 = 0.1296 + x 4 x 1.8526 => x 4 = 0.77772 

h 4 = 68.04 + 0.77772 x 1036.98 = 874.52 Btu/lbm 

The energy equation gives 

w T = h 3 - h 4 = 1 194.91 - 874.52 = 320.39 Btu/lbm 

C.V. pump and incompressible liquid gives work into pump 

w p = J vdP « Vl (P, - Pj) = 0.01613 ft 3 /lbm x (150 - 0.95) psi xl44 in 2 /ft 2 

= 346.2 lbf-ft = 0.44 Btu/lbm 
h 9 = hj + w p = 68.04 + 0.44 = 68.48 Btu/lbm 

C.V. boiler gives the heat transfer from the energy equation as 
q„ = h - h = 1 194.91 - 68.48 = 1 126.43 Btu/lbm 

A ri j L 

The cycle net work and efficiency are found as 

w. TCT = w„ - w = 320.39 - 0.44 = 319.95 Btu/lbm 

NET T P 

r) TH = w NET /q H = 319.95/1126.43 = 0.284 
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9.149 


The power plant in the previous problem is augmented with a natural gas burner 
to superheat the water to 600 F before entering the turbine. Find the cycle efficiency with 
this configuration and the specific heat transfer added by the natural gas burner. 

Solution: 

C.V. H 2 0 ideal Rankine cycle 

State 3: 150 psia, 600 F, h 3 = 1325.69 Btu/lbm, s 3 = 1.7110 Btu/lbm R 
CV Turbine adiabatic and reversible so second law gives 

s 4 = s 3 = 1.7110 = 0.1296 + x 4 x 1.8526 => x 4 = 0.85361 

h 4 = 68.04 + 0.85361 x 1036.98 = 953.22 Btu/lbm 

The energy equation gives 

w T = h 3 - h 4 = 1325.69 - 953.22 = 372.47 Btu/lbm 

C.V. pump and incompressible liquid gives work into pump 

w p = J vdP « Vj(P 2 - Pj) = 0.01613 ft 3 /lbm x (150 - 0.95) psi xl44 in 2 /ft 2 

= 346.2 lbf-ft = 0.44 Btu/lbm 
It, = hj + w p = 68.04 + 0.44 = 68.48 Btu/lbm 

C.V. boiler gives the heat transfer from the energy equation as 
q„ = h - h = 1325.69 - 68.48 = 1257.21 Btu/lbm 

^Jrl j Z 

The cycle net work and efficiency are found as 

w. TCT = w_ - w D = 372.47 - 0.44 = 372.03 Btu/lbm 

NET T P 

Pth = w net /c 1h = 372.03/1257.21 = 0.296 


9 
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9.150 

A Rankine cycle with R-410A has the boiler at 600 psia superheating to 340 F and 
the condenser operates at 100 psia. Find all four energy transfers and the cycle efficiency. 

State 1: v, = 0.01349 ft 3 /lbm, h, = 21.9 Btu/lbm (at 23.84 F) 

State 3: h 3 = 183.9 Btu/lbm, s 3 = 0.3091 Btu/lbm-R 

State 4: (100 psia, s = s 3 ) h 4 = 152.0 Btu/lbm interpolated sup. vap. 

C.V. Pump: w P = /vdP = v 1 (P 2 -P 1 ) 

= 0.01349 ft 3 /lbm x (600 - 100) psi xl44 in 2 /ft 2 = 971.3 lbf-ft 

= 1.25 Btu/lbm 

=> h 2 = hj + w P = 21.9 + 1.25 = 23.15 Btu/lbm 
C.V. Boiler: 9 h = ^3 - h 2 = 183.9 - 23.15 = 160.75 Btu/lbm 

C.V. Tubine energy: w x s = h 3 - h 4 = 183.9 - 152.0 = 31.9 Btu/lbm 

C.V. Condenser: q L = h 4 - hj = 152.0 - 21.9 = 130.1 Btu/lbm 


31.9- 1.25 

0 CYCLE - W NET' Oh - 160.75 


0.191 
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9.151 

A supply of geothermal hot water is to be used as the energy source in an ideal 
Rankine cycle, with R-134a as the cycle working fluid. Saturated vapor R-134a 
leaves the boiler at a temperature of 180 F, and the condenser temperature is 100 
F. Calculate the thermal efficiency of this cycle. 


Solution: 

CV: Pump (use R-134a Table F.10) 

Pj = 138.93 psia, P 9 = P 3 = 400.4 psia 

h 3 = 184.36 Btu/lbm, s 3 = 0.402 Btu/lbm R 

= 108.86 Btu/lbm, Vj = 0.01387 ft 3 /lbm 

2 

w P = h 2 - h, = f vdP « v 1 (P 2 -P 1 ) 

l 

= 0.01387(400.4 - 138.93) ^ = 0.671 Btu/lbm 
h 2 = hj + w p = 108.86 + 0.671 = 109.53 Btu/lbm 

CV: Boiler 

q H = h 3 - h 2 = 184.36 - 109.53 = 74.83 Btu/lbm 
CV: Turbine 

s 4 = s 3 = 0.402 => x 4 = (0.402 - 0.2819)/0.1272 = 0.9442 
h 4 = 176.08 Btu/lbm, 

Energy Eq.: w T = h 3 - h 4 = 8.276 Btu/lbm 

w net = w x - w P = 8.276 - 0.671 = 7.605 Btu/lbm 
r, TH = w NEX /q H = 7.605/74.83 = 0.102 



1 T 
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9.152 

Do Problem 9. 15 IE with R-410A as the working fluid, boiler exit at 160 F, 600 
psia. 

Standard Rankine cycle with properties from the R-410A tables, 

hj = 51.58 Btu/lbm, Vj = 0.01619 ft 3 /lbm, Pj = 332.54 psia, 

P 2 = P 3 = 600 psia, h 3 = 125.06 Btu/lbm, s 3 = 0.2248 Btu/lbm R 

144 

CV: Pump w p = v^-Pp = 0.01619 (600 - 332.54) ^ = 0.80 Btu/lbm 

h_, = hj + w p = 51.58 + 0.80 = 52.38 Btu/lbm 
CV: Turbine s 4 = s 3 

=> x 4 = (0.2248 - 0.1038)/0.1256 = 0.9634 
h 4 = 119.32 Btu/lbm, w T = h 3 - h 4 = 5.74 Btu/lbm 
CV: Boiler 

q H = h 3 - h 2 = 125.06 - 52.38 = 72.68 Btu/lbm 
r) TH = (w T - w p )/q H = (5.74 - 0.80)/72.68 = 0.068 
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9.153 

A low temperature power plant operates with R-410A maintaining 60 psia in the 
condenser, a high pressure of 400 psia with superheat. Find the temperature out of the 
boiler/superheater so the turbine exit temperature is 20 F and find the overall cycle 
efficiency. 


State 1: 
State 4: 
State 3: 

Pump: 

Boiler: 

Turbine: 

Efficiency: 


Pi = 60 psia, vj = 0.0129 ft Vlbm, hi = 12.7 Btu/lbm 

P 4 = Pi = 60 psia, h 4 = 343.58 Btu/lbm, s 4 = 1.3242 Btu/lbm-R 

400 psia, s = s 4 ■=> h 3 = 147.2 Btu/lbm, T 3 = 190.3 F 

144 

w p = vj (P 2 - Pi) = 0.0129 (400 - 60) = 2.09 Btu/lbm 

q H = h 3 - h 2 = 426.56 - (12.7 + 0.8) = 133.7 Btu/lbm 
w T = h 3 -h 4 = 147.2- 122.1 =25.1 Btu/lbm 

25.1-0.8 

Pth - Wnet/Oh - ( w t - WpVOH - 133.7 -0.182 
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9.154 

A smaller power plant produces 50 lbm/s steam at 400 psia, 1 100 F, in the boiler. 
It cools the condenser with ocean water coming in at 60 F and returned at 65 F so 
that the condenser exit is at 1 10 F. Find the net power output and the required 
mass flow rate of the ocean water. 

Solution: 

The states properties from Tables F.7.1 and F.7.2 

1: 110 F, x = 0: hj = 78.01 Btu/lbm, Vj = 0.01617 ft 3 /lbm, P sat = 1.28 psia 
3: 400 psia, 1100 F: h 3 = 1577.44 Btu/lbm, s 3 = 1.7989 Btu/lbm R 

C.V. Pump Reversible and adiabatic. 

Energy: w p = h 2 - hj ; Entropy: s 2 = S] 

since incompressible it is easier to find work (positive in) as 

r 144 

Wp = lvdP = v 1 (P 2 - Pi) = 0.01617 (400 - 1.3)^g = 1.19 Btu/lbm 

C.V. Turbine : wj = h 3 - h 4 ; s 4 = s 3 

s 4 = s 3 = 1.7989 = 0.1473 + x 4 (1.8101) => x 4 = 0.9124 

=> h 4 = 78.01 + 0.9124 (1031.28) = 1018.95 Btu/lbm 
w T = 1577.44 - 1018.95 = 558.5 Btu/lbm 

W NET = m(w T - w p ) = 50 (558.5 - 1.19) = 27 866 Btu/s 
C.V. Condenser : q E = h 4 - Iq = 1018.95 - 78.01 = 940.94 Btu/lbm 

Ql = inqL = 50 x 940.94 = 47 047 Btu/s = m ocean C p AT 

m ocean = Q L / C p AT = 47 047 / (1.0 x 5) = 9409 lbm/s 


Boiler 
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9.155 

Consider a simple ideal Rankine cycle using water at a supercritical pressure. 
Such a cycle has a potential advantage of minimizing local temperature 
differences between the fluids in the steam generator, such as the instance in 
which the high-temperature energy source is the hot exhaust gas from a gas- 
turbine engine. Calculate the thermal efficiency of the cycle if the state entering 
the turbine is 8000 lbf/in. 2 , 1300 F, and the condenser pressure is 0.95 lbf/in. 2 . 
What is the steam quality at the turbine exit? 

Solution: 

For the efficiency we need the net work and steam generator heat transfer. 
State 1: s 1 = 0.1296 Btu/lbm R, h, = 68.04 Btu/lbm 

State 3: h 3 = 1547.5 Btu/lbm, s 3 = 1.4718 Btu/lbm R 

C.V. Pump. For this high exit pressure we use Table F.7.3 to get state 2. 
Entropy Eq.: s 2 = s | => h 2 = 91.69 Btu/lbm 

w p = h 2 - hj = 91.69 - 68.04 = 23.65 Btu/lbm 

C.V. Turbine. Assume reversible and adiabatic. 

Entropy Eq.: s 4 = s 3 = 1.4718 = 0.1296 + x 4 xl.8526 

x 4 = 0.7245 Very low for a turbine exhaust 

h 4 = 68.04 + x 4 x 1036.98 = 751.29 Btu/lbm, 
w T = h 3 - h 4 = 796.2 Btu/lbm 

Steam generator: q H = h 3 - h 2 = 1547.5 - 91.69 = 1455.8 Btu/lbm 

w net = w T - w p = 796.2 - 23.65 = 772.6 Btu/lbm 
r, = w NET /q H = 772.6 / 1455.8 = 0.53 
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9.156 

A Rankine cycle uses ammonia as the working substance and powered by solar 
energy. It heats the ammonia to 320 F at 800 psia in the boiler/superheater. The 
condenser is water cooled, and the exit is kept at 70 F. Find (T, P, and x if 
applicable) for all four states in the cycle. 

NH 3 ideal Rankine cycle 

State 1: Table F. 8.1, T = 70 F, x = 0, Pj = 128.85 psia, 
h 1 = 120.21 Btu/lbm, V| = 0.2631 ft 3 /lbm 

CV Pump: 

w p = h 2 - hj » Vj(P 2 - Pj) = 0.02631 ft 3 /lbm (800 - 128.85) psi xl44 in 2 /ft 2 
= 2542.75 lbf-ft = 3.27 Btu/lbm 

h 2 = hj + w p = 120.21 + 3.27 = 123.48 Btu/lbm « h f + (P 9 - P sat )v f 

=> T 2 « Tj = 70 F [with the CATT3 we do (P 9 , s 2 = s 3 ) ] 

State 3: 320 F, 800 psia : superheated vapor, s 3 = 1.1915 Btu/lbm 
CV: turbine 

s 4 = s 3 = 1.1915 = 0.2529 + x 4 x 0.9589 => x 4 = 0.9788 

P 4 = P 1 = 128.85 psia, T 4 = Tj = 70 F 
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9.157 

Assume the powerplant in Problem 9.156E should deliver 1000 Btu/s. What is the 
mass flow rate of ammonia? 


State 3: 320 F, 800 psia: h 3 = 734.7 Btu/lbm, s 3 = 1.1915 Btu/lbm 
CV: turbine 

Energy: w T s = h 3 - h 4 ; Entropy: 0 = s 3 - s 4 + 0 

s 4 = s 3 = 1.1915 = 0.2529 + x 4 x 0.9589 => x 4 = 0.9788 

h 4 = 120.21 + 0.9788 507.89 = 617.3 Btu/lbm 

w x>s = h 3 - h 4 = 734.7 - 617.3 = 1 17.4 Btu/lbm 

W T = m w T>s ; 

. • 1000 Btu/s 

m = W T / w T , s = 117.4 Btu/lbm = 8 - 5 l 8 lbm/s 





k T 
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9.158 

Consider an ideal steam reheat cycle in which the steam enters the high-pressure 
turbine at 600 lbf/in. 2 , 700 F, and then expands to 150 lbf/in. 2 . It is then reheated 

to 700 F and expands to 2.225 lbf/in. 2 in the low-pressure turbine. Calculate the 
thermal efficiency of the cycle and the moisture content of the steam leaving the 
low-pressure turbine. 

Solution: 

Basic Rankine cycle with a reheat section. For this cycle from Table F.7 
State 3: Superheated vapor h 3 = 1350.62 Btu/lbm, s 3 = 1.5871 Btu/lbm R, 

State 1: Saturated liquid hj = 97.97 Btu/lbm, Vj = 0.01625 ft 3 /lbm 

C.V. Pump: Adiabatic and reversible. Use incompressible fluid so 

, 144 

w p = J v dP = Vj (P 2 - Pj) = 0.01625(600 - 2.2)^^= 1.8 Btu/lbm 

h 2 = h x + w p = 97.97 + 1.8 = 99.77 Btu/lbm 

C.V. HP Tubine section: w TJ = h 3 - h 4 , s 4 = s 3 => h 4 = 1208.93 Btu/lbm 

w T1 = 1350.62 - 1208.93 = 141.69 Btu/lbm 
C.V. LP Tubine section: w^ =h -fc, s, = s c 

Iz J O O J 

State 5: h 5 = 1376.55 Btu/lbm, S5 = 1.7568 Btu/lbm R 

State 6: s = s = 1.7568 = 0.1817 + x, x 1.7292 => x =0.9109 

O J D D 

h, = 97.97 + 0.9109 x 1019.78 = 1026.89 Btu/lbm 

O 

w T2 = 1376.55 - 1026.89 = 349.66 Btu/lbm 

C.V. Boiler: q m = h 3 - h, = 1350.62 - 99.77 = 1250.85 Btu/lbm 

Total cycle 

q H = q H1 + h 5 - h 4 = 1250.85 + 1376.55 - 1208.93 = 1418.5 Btu/lbm 
w Ttot = wti + wt 2 = 141.69 + 349.66 = 491.35 Btu/lbm 

Overall efficiency 

^ cycle = ( w T,tot - V /c 1h = ( 491 - 35 - 1 -8)/1420.3 = 0.345 
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9.159 


An open FWH receives steam at 150 psia, 400 F from the turbine and 150 psia, 
200 F water from the feed water line. Find the required fraction of the extraction 
flow in the turbine. 

The setup follows Fig.9.12 

State enthalpies: h 2 = 168.07, hg = 1219.51 all Btu/lbm 

h 3 = 330.74 (x = 0 at 150 psia, 358.47 F) 

Analyze the FWH which leads to Eq.9.5: 

• • 

y = m 6 /m 5 the extraction fraction 

_ h 3 - h 2 _ 33Q.74 _ 168.07 
y - h 6 - h 2 “ 1219.51 - 168.07 “ 0,1547 
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9.160 


Consider an ideal steam regenerative cycle in which steam enters the turbine at 
600 lbf/in. 2 , 700 F, and exhausts to the condenser at 2.225 lbf/in. 2 . Steam is 

extracted from the turbine at 150 lbf/in 2 for an open feedwater heater. The 
feedwater leaves the heater as saturated liquid. The appropriate pumps are used 
for the water leaving the condenser and the feedwater heater. Calculate the 
thermal efficiency of the cycle and the net work per pound-mass of steam. 


From Table F.7.2 
h 5 = 1350.62 Btu/lbm, 
s 5 = 1.5871 Btu/lbm R 
h t = 97.97 Btu/lbm, 

v 1 = 0.01625 ft 3 /lbm 
Interpolate to get 
h 3 = 330.67 Btu/lbm, 

v 3 = 0.01809 ft 3 /lbm 



C.V. Pumpl: 

144 

w pi2 = 0.01625(150 - 2.2)^ 

= 0.44 Btu/lbm = h,, - hj 
h 7 = hj + w pi2 = 98.41 Btu/lbm 

C.V. Pump2: 



w p34 = 0.01809(600 - 150)144/778 = 1.507 Btu/lbm 
=> h 4 = h 3 + w p34 = 332. 1 8 Btu/lbm 
C.V. Turbine (high pressure section) 

Entropy Eq.: s 6 = s g = 1.5871 Btu/lbm R => h 6 = 1208.93 Btu/lbm 

• • 

C V : feedwater heater, call the extraction fraction y = m 6 /m 3 

• • • • • • 

Continuity Eq.: m 3 = m 6 + m 7 , Energy Eq.: m fi h 6 + m^h,, = m 3 h 3 

yh 6 + ( 1 - y)h 2 = h 3 => y 6 = (h 3 - h 2 )/(h g - h 2 ) 

=> y = (330.67 - 98.41)/(1208.93 - 98.41) = 0.2091 
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CV: Turbine from 5 to 7 

s 7 = s 5 => x ? = (1.5871 - 0.1817)/1.7292 = 0.8127 
h ? = 97.97 + 0.8127 x 1019.78 = 926.75 Btu/lbm 
The HP turbine section has the full flow, the LP section has fraction (1-y) 

w T = (h 5 - h 6 ) + (! - y)( h 6 - h 7 ) 

= (1350.62 - 1208.93) + 0.7909(1208.93 - 926.75) = 364.87 Btu/lbm 
C V : pumps 

P2 has the full flow and PI has the fraction 1- y of the flow 

w p = (1 - y)w pp + w p34 = 0.7909 x 0.44 + 1 x 1.507 = 1.855 Btu/lbm 

w. TC „ = w_ - w D = 364.87 - 1.855 = 363.0 Btu/lbm 

NET T P 

C V : steam generator 

q =h -h, = 1350.62-332.18 = 1018.44 Btu/lbm 

A rl j 4 

r| TH = w NET /q H = 363/1018.44 = 0.356 
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9.161 


A closed feedwater heater in a regenerative steam power cycle heats 40 lbm/s of 
water from 200 F, 2000 lbf/in. 2 to 450 F, 2000 lbf/in. 2 . The extraction steam from 

the turbine enters the heater at 600 lbf/in. 2 , 550 F and leaves as saturated liquid. 
What is the required mass flow rate of the extraction steam? 

Solution: 

The schematic from Figure 9.13 has the feedwater from the pump coming at 
state 2 being heated by the extraction flow coming from the turbine state 6 so 
the feedwater leaves as saturated liquid state 4 and the extraction flow leaves 
as condensate state 6a. 



From the steam tables F.7: 
F.7.3: h 2 = 172.6 Btu/lbm 

F.7. 3: h 4 = 431.13 Btu/lbm 

F.7. 2: h 6 = 1255.36 Btu/lbm 

Interpolate for this state 
F.7.1: h 6a = 471.56 Btu/lbm 


Energy Eq.: m 2 h 2 + m 6 h 6 = m 2 h 4 + m 6 h 6a 

Since all four state are known we can solve for the extraction flow rate 

• h 2 _ h 4 , 172.6 -431.13 lbm 

m. = mo r 7 — = 40 lbm/s 7~rv7 — = 13.2 

6 z h 6a -h 6 471.56 - 1255.36 s 
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9.162 

A Rankine cycle feeds 10 lbm/s ammonia at 300 psia, 280 F to the turbine, which 
has an extraction point at 125 psia. The condenser is at 0 F, and a closed feed water heater 
has an exit state (3) at the temperature of the condensing extraction flow and it has a drip 
pump. The source for the boiler is at constant 350 F. Find the extraction flow rate and 
state 4 into the boiler. 

P| = 30.415 psia, 
h 1 = 42.6 Btu/lbm 

V! = 0.0242 ft 3 /lbm, 
s 5 = 1.3062 Btu/lbm-R, 
h 5 = 744.07 Btu/lbm 

T 6a = T sa t 125 psia = 68.28 F 
=> h 6a = 1 18.25 Btu/lbm 



C.V. Turbine: Reversible, adiabatic so constant s from inlet to extraction point 
s 6 = s 5 = 1.3062 Btu/lbm-R => T 6 = 148.1 F, h 6 = 679.8 Btu/lbm 

C.V. PI: w pi = Vj(P 2 - Pj) = 0.0242(300 - 30.415) 144/778 = 1.21 Btu/lbm 

=> h 2 = hj + w P1 = 43.81 Btu/lbm 

C.V. P2: w p2 = v 6a (P 4 - P 6 ) = 0.02625 (300 - 125)144/778 = 0.85 Btu/lbm 

=> h 6b = h 6a + w P2 = 119.1 Btu/lbm 

C.V. Total FWH and pump (notice h 3 = h 6a + APv = h 6b , no table for this state) 

State 3: h 3 = h f + (P 3 -P sat )v f = 118.25 + 0.02625 (300-125) 144/778 = 119.1 Btu/lbm 

The extraction fraction is: y = m 6 /m 4 

Energy: (1 - y)h 2 + yh 6 = (1 - y)h 3 + yh 6a 

h3 - h 2 119.1-43.81 

y_ h 3 -h 2 + h 6 -h 6a _ 119.1 -43.81 +679.8 - 1 18.25 _ 01 182 

m 6 = ym 4 = 0.1182 x 10 = 1.182 lbm/s 
C.V. The junction after FWH and pump 2. 

h 4 = (l-y)h 3 + y h 6b = (1- 0.1182) x 119.1 + 0.1182 xl 19.1 = 119.1 Btu/lbm 
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9.163 

Do the previous problem with a closed FWH that has a trap and drain to the 
condenser for the extraction flow. 


State 1: x } = 0, h 1 = 42.6 Btu/lbm, w l = 0.0242 ft 3 /lbm 

State 3: h 3 = h f + (P 3 -P sat )v f = 118.25 +0.02625 (300-125) 144/778 = 119.1 Btu/lbm 
State 5: h 5 = 744.07 Btu/lbm, s 5 = 1.3062 Btu/lbm-R 
State 6: s 6 = s 5 => h 6 = 679.83 Btu/lbm 
State 6a: x 6a = 0 => h 6a = 118.25 Btu/lbm 

C.V. PI: w pi = vj(P 2 - Pj) = 0.0242(300 - 30.415) 144/778 = 1.21 Btu/lbm 

=> h 2 = hj + w P1 = 43.81 Btu/lbm 

• • 

C.V. Feedwater heater: Call m 6 / m tot = y (the extraction fraction) 

Energy Eq. : h 2 + y h 6 = 1 h 3 + y h 6a 

_ h 3 - h 2 119.1-43.81 _ 
y_ h 6 -h 6a _ 679.83 - 118.25 -°- 1341 

m ext r = y m tot = 0.1341 x 10 = 1.341 lbm/s 


h 4 = h 3 = 119.1 Btu/lbm 
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9.164 

The steam power cycle in Problem 9.147E has an isentropic efficiency of the 
turbine of 85% and that for the pump it is 80%. Find the cycle efficiency and the 
specific work and heat transfer in the components. 

States numbered as in fig 9.3 of text. 

CV Pump: w p _ = vi(P 2 - Pi) = 0.01625(600 - 2.2)144/778 = 1.8 Btu/lbm 

r ,o 

=> WpAC = 1. 8/0.8 = 2.245 Btu/lbm 
h 2 = hj + w p AC = 97.97 + 2.245 = 100.2 Btu/lbm 
CV Turbine: w p s = h 3 - h 4s , s 4 = s 3 = 1.4464 Btu/lbm R 
s 4 = s 3 = 1.4464 = 0.1817 +x 4 x 1.7292 => x 4 = 0.7314, 
h 4 = 97.97 + 0.7314 x 1019.78 = 843.84 Btu/lbm 
=> w T s = 1204.06 - 843.84 = 360.22 Btu/lbm 

w t ac = ^3 ' ^4ac = 360.22 x 0.85 = 306.2 
=> h 4AC = 897.86 Btu/lbm (still two-phase) 

CV Boiler: q H = h 3 - h 2 = 1204.06 - 100.2 = 1103.9 Btu/lbm 

q L = h 4AC - hj = 897.86 - 97.97 = 799.9 Btu/lbm 

^ cycle = ( W T ' = ( 306 - 2 ' 2.245)/l 103.9 = 0.275 

Compared to (360.22-1.8)/! 104.3 = 0.325 in the ideal case. 


Boiler 




state 2s and 2ac nearly the same 
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9.165 

A concentrated solar power plant receives the energy from molten salt coming 
in at 1000 F and leaving at 600 F in a counterflow heat exchanger where the water 
comes in at 400 psia, 140 F and leaves at 800 F, 400 psia. The molten salt has 10 
lbm/s flow with Cp = 0.36 Btu/lbm-R. What is the possible water flow rate, the 
rate of energy transfer and rate of entropy generation. 

Continuity Eqs.: Each line has a constant flow rate through it. 

• • 

Energy Eq.4. 10: 0 = m H2 o (hj - h 2 ) + m salt (h 3 - h 4 ) 

• • • 

Entropy Eq.7.7: 0 = m H2 Q (sj - s 2 ) + m salt (s 3 - s 4 ) + S gen 

Process: Each line has a constant pressure. 

Table F.7: h 2 = 1416.59 Btu/lbm, sj = 0.1985, s 2 = 1.6844 Btu/lbm-R 

hi = h f + (P 3 -P sat )v f = 107.96 + (400-2.9) 0.01629x144/778 = 109.15 Btu/lbm 

From the energy leaving the salt we get 

• • • 

Q = m salt ( h 3 - h 4 ) = m salt Cp salt (T 3 - T 4 ) 

= 10 x 0.36 [1000 - 600] = 1440 Btu/s 

h 3 - h 4 q 1440 Btu/s 

m H 2 0 - m salt h 2 - hl ~ h 2 - h, “ (1416.59 - 109.15) Btu/lbm “ 11 lbm/s 

s 4 - s 3 = C P salt In (T 4 /T 3 ) = 0.36 ln(1059.7/1459.7) = -0.115 Btu/lbm-R 


S gen - m H 2 0 ( s 2 “ s l) + m salt ( s 4 “ s 3) 


= 1.1 lbm/s (1.6844-0.1985) 


Btu 

lbm-R 


10 lbm/s x 0.115 


Btu 

lbm-R 


= 0.48 Btu/s-R 


C.V. Heat exchanger, steady flow 1 
inlet and 1 exit for salt and water 
each. The two flows exchange 
energy with no heat transfer to/from 
the outside. 



3 salt 

4 - 
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9.166 


Steam leaves a power plant steam generator at 500 lbf/in. 2 , 650 F, and enters the 
turbine at 490 lbf/in. 2 , 625 F (h = 1314 Btu/lbm, s = 1.5752 Btu/lbm-R). The 
isentropic turbine efficiency is 88%, and the turbine exhaust pressure is 1.7 

lbf/in. 2 . Condensate leaves the condenser and enters the pump at 110 F, 1.7 
lbf/in. 2 . The isentropic pump efficiency is 80%, and the discharge pressure is 520 

lbf/in. 2 . The feedwater enters the steam generator at 510 lbf/in. 2 , 100 F (h = 68.1 
Btu/lbm). Calculate the thermal efficiency of the cycle and the entropy generation 
of the flow in the line between the steam generator exit and the turbine inlet, 
assuming an ambient temperature of 77 F. 




s 3S = s 2 = 1-5752 = 0.16483 + x 3S x 1.7686 => x 3S = 0.79745 

h 1Q = 88.1 + 0.797 45 x 1025.4 = 905.8 Btu/lbm 
w T s = h 2 - h 3S = 1314.0 - 905.8 = 408.2 Btu/lbm 

w T,ac = hT.s w t,s = 0-88 x 408.2 = 359.2 Btu/lbm 
h 3 = h 2 - w T>ac = 1314.0 - 359.2 = 954.8 Btu/lbm 

w P s = 0.016166 (520 - 1.7) 144/778 = 1.55 Btu/lbm 

w P,ac = W p,s/T1p,s = 1-55/0.80 = 1.94 Btu/lbm 
q H = hj - h 6 = 1328.0 - 68.1 = 1259.9 Btu/lbm 

i1 th = w NE At = ( 359 - 2 ' l-94)/l 259.9 = 0.284 

C.V. Line from 1 to 2: w = 0, 

Energy Eq.: q = h 2 - hj = 1314 - 1328 = -14 Btu/lbm 

Entropy Eq.: s l + s gen + q/T 0 = s 2 => 

Sgen = s 2 - Sj -q/T 0 = 1.5752 - 1.586 - (-14/536.7) = 0.0153 Btu/lbm R 
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9.167 


A boiler delivers steam at 1500 lbf/in. 2 , 1000 F to a reversible two-stage turbine 
as shown in Fig. 9.19. After the first stage, 25% of the steam is extracted at 200 

lbf/in. 2 for a process application and returned at 150 lbf/in. 2 , 190 F to the 
feedwater line. The remainder of the steam continues through the low-pressure 
turbine stage, which exhausts to the condenser at 2.225 lbf/in. 2 . One pump brings 

the feedwater to 150 lbf/in. 2 and a second pump brings it to 1500 lbf/in. 2 . If the 
process application requires 5000 Btu/s of power, how much power can then be 
cogenerated by the turbine? 


C.V. Turbine T1 

5: h 5 = 1490.32, s $ = 1.6001 Btu/lbmR 
6: Rev and adiabatic s, = s c => 

O J 

Table F.7.2 Sup. vapor 
h, = 1246.6 Btu/lbm 

O 

w„, = h c - h, = 243.7 Btu/lbm 

II J O 

State 7: s = s = s c => 

7 6 5 



1.6001 -0.1817 
1.7292 


0.82026 



h 7 = 97.97 + 0.82026 x 1019.78 = 934.45 Btu/lbm 

w T9 = h, - h = 1246.6 - 934.45 = 312.1 Btu/lbm 

8: Compressed liquid use sat. liq. same T: h g = 158.02 Btu/lbm; 


C.V. process unit. Assume no work only heat out. 

q Dt> „„ = h, - h Q = 1246.6 - 158.02 = 1088.6 Btu/lbm 

rKUL O o 


m 6 = Q/q PRO c = 5000 Btu/s /1088.6 Btu/lbm = 4.593 lbm/s = 0.25 m TOT 

=> m TOT = m 5 = 18.372 lbm/s, m 7 = m 5 - m 6 = 13.779 lbm/s 
C.V. Total turbine 


■ 

W T = rrij-h,. - m c h c - m^h_, 

1 5 5 6 6 7 7 


= 18.372 x 1490.32 - 4.593 x 1246.6 - 13.779 x 934.45 

= 8779 Btu/s 


lbm Btu 
s lbm ^ 
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Refrigeration Cycles 
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9.168 


A car air-conditioner (refrigerator) in 70 F ambient uses R-134a and I want to 
have cold air at 20 F produced. What is the minimum high P and the maximum 
low P it can use? 

Since the R-134a must give heat transfer out to the ambient at 70 F, it 
must at least be that hot at state 3. 


Ideal Ref. Cycle 


kond 

T 

evap 


70 F = T 3 
20 F 


Use Table F.10 for R-134a 



From Table F.10.1: P 3 = P 2 = P sat = 85.95 psia is minimum high P. 

Since the R-134a must absorb heat transfer at the cold air 20 F, it must at 
least be that cold at state 4. 

From Table F. 10. 1 : Pi = P 4 = P sat = 33.29 psia is maximum low P. 
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9.169 

Consider an ideal refrigeration cycle that has a condenser temperature of 1 10 F 
and an evaporator temperature of 5 F. Determine the coefficient of performance of 
this refrigerator for the working fluids R-134a and R-410A. 


Ideal Ref. Cycle 


kond 

T 

evap 


110F = T 3 
5 F 


T 


Use Table F.10 for R-134a 
Use Table F.9 for R-410A 



Property for: 

R-134a 

R-410A 

hj, Btu/lbm 

167.5 

117.8 

s 2 = Sj, Btu/lbm-R 

0.4149 

0.2549 

P 2 , lbf/in 2 

161.1 

380.4 

t 2 ,f 

123.7 

157.3 

h 2 , Btu/lbm 

184.7 

138.4 

h 3 = h 4 , Btu/lbm 

112.4 

56.1 

w c = V h i 

17.2 

20.6 

q L = V h 4 

55.1 

61.7 

p =q L /(-w c ) 

3.20 

3.0 
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9.170 

Find the high temperature, the condensing temperature, and the COP if ammonia 
is used in a standard refrigeration cycle with high and low pressures of 800 psia and 300 
psia, respectively. 


Exit evaporator x = 1 and 300 psia from F.8.2: 

Tj = 123.2 F, = 632.63 Btu/lbm, Sj = 1.1356 Btu/lbm-R 

Exit condenser saturated liquid 800 psia from F.8.1: 

T 3 = 200.65 F, h 3 = 284.17 Btu/lbm 
Exit compressor: 800 psia, s = s 1; so interpolate in F.8.2 

T 2 = 269 F, h 2 = 692.65 Btu/lbm 


COP: 


w c = h 2 - hj = 60.02 Btu/lbm 

q L = hj - h 4 = h 1 - h 3 = 348.46 Btu/lbm 

Ql h f h 3 348.46 
P “ w c “ h 2 - h x “ 60.02 “ 6,2 
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9.171 

A refrigerator receives 500 W of electrical power to the compressor driving the 
cycle flow of R-134a. The refrigerator operates with a condensing temperature of 100 F 
and a low temperature of -10 F. Find the COP for the cycle and its cooling capacity. 


Solution: 

Ideal refrigeration cycle 
T cond = 100 F = T 3 

T evap = -1° F = T 1 

Use Table F.10 



State 1: hj = 165.09 Btu/lbm, Sj = 0.4162 Btu/lbm-R 

State 2: s = s 1? P 2 = P 3 = 138.926 psia, h 2 = 184.02 Btu/lbm 

w c = h 2 - hj = 184.02 - 165.09 = 18.934 Btu/lbm 
State 3-4: h 4 = h 3 = 108.86 Btu/lbm 

q L = hi - h 4 = 165.09 - 108.86 = 56.23 Btu/lbm 
COP = p = q L /w c = 2.97 

The cooling capacity is the rate at which it can cool 

Q l = COP x W = 2.97 x 500 W = 1485 W = 1.407 Btu/s 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


9.172 

Consider an ideal heat pump that has a condenser temperature of 120 F and an 
evaporator temperature of 30 F. Determine the coefficient of performance of this 
heat pump for the working fluids R-410A and ammonia. 


Ideal Heat Pump 
T , = 120 F 

cond 

T = 30 F 

evap 

Use Table F.8 for NH 3 
Use Table F.9 for R-410A 



Property: 

R-410A 


nh 3 

h 1? Btu/lbm 

119.9 


619.5 

S 2 = S 1 

0.2482 


1.2768 

P„ lbf/in 2 

433.3 


286.5 

T F 

1 2 ’ 17 

158.2 


239.3 

h 2 , Btu/lbm 

135.9 


719.4 

h 3 =h 4 , Btu/lbm 

60.8 


178.8 

w c = h 2-h ] 

16.0 


99.9 

% = ^ 2'^3 

75.1 


540.6 

P' =q H /w c 

4.69 


5.41 
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9.173 

The refrigerant R-134a is used as the working fluid in a conventional heat pump 
cycle. Saturated vapor enters the compressor of this unit at 50 F; its exit 
temperature from the compressor is measured and found to be 185 F. If the 
compressor exit is 300 psia, what is the isentropic efficiency of the compressor 
and the coefficient of performance of the heat pump? 


R- 134a heat pump: T ? = 185 F 


T 


EVAP 


= 50 F 


State 1: Table F. 9.1 
hj = 173.8 Btu/lbm, 

S j = 0.4113 Btu/lbm R 



State 2: h 7 = 193.8 Btu/lbm 

Compressor work: w c = h 9 - hj = 193.8 - 173.8 = 20.0 Btu/lbm 

Isentropic compressor: s 2§ = s 3 = 0.4113 Btu/lbm R 

State 2s: (P 2 , s) T 7§ = 166.9 F, h 2S = 188.0 Btu/lbm 
Ideal compressor work: w c s = = 188.0 - 173.8 = 14.2 Btu/lbm 


The efficiency is the ratio of the two work terms 

w Cs 14.2 


n 


s COMP w c 20.0 


= 0.71 


The condenser has heat transfer as (h 3 = h f at 300 psia) 

q H = h 2 - h 3 = 193.8 - 130.1 = 63.7 Btu/lbm 

and a coefficient of performance of 

P' = q H /w c = 3.19 
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Exergy and Combined Cycles 
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9.174 

A Rankine cycle maintains 130 F in the condenser which is cooled by a 70 F 
reservoir. The steam out of the boiler is at 600 psia, 700 F being heated from a 
900 F source. Determine the flux of exergy in or out of the reservoirs per unit 
mass flowing in the cycle. Find the overall cycle second law efficiency. 

Solution (Cycle from problem 9. 18 IE): 

State 3: Superheated vapor h 3 = 1350.62 Btu/lbm, s 3 = 1.5871 Btu/lbm R, 

State 1: Sat. liq. hj = 97.97 Btu/lbm, Vj = 0.01625 ft 3 /lbm, s = 0.1817 Btu/lbm R 
C.V. Pump: Adiabatic and reversible. Use incompressible fluid so 

w p = Jv dP = Vj(P, - Pj) = 0.01625 ft 3 /lbm x (600 - 2.2) psi xl44 in 2 /ft 2 

= 1398.85 lbf-ft = 1.8 Btu/lbm 
h 2 = hj + w p = 97.97 + 1.8 = 99.77 Btu/lbm 

C.V. Boiler: q H = h 3 - h, = 1350.62 - 99.77 = 1250.85 Btu/lbm 

C.V. Tubine: s 4 = s 3 = 1.5871 Btu/lbm R = 0.1817 + x 4 1.7292 => x 4 = 0.8127, 

h 4 = 97.97 + 0.8127 x 1019.78 = 926.75 Btu/lbm 

w T = h 3 - h 4 = 1350.62 - 926.75 = 423.87 Btu/lbm 

C.V. Condenser: q L = h 4 - = 926.75 - 97.97 = 828.8 Btu/lbm 


We can do the fluxes of exergy evaluarted at the reservoir T’s 


a Vh = a - w q H = d - 


536.67 
1359. 67^ 


x 1250.85 = 757.13 Btu/lbm 


A Vl = (1-T 0 /T l ) q L = ( 1 - 


536.67 

529.67 


) 828.8 = -10.95 Btu/lbm 


(as T l < T 0 you decrease \j / ) 

The overall second law efficiency is based on the exergy delivered from the high 
T source 



w net w T -w P 423.87 - 1.8 
Ai|/ H - Ai|/ H - 757.13 


0.557 


Notice T r > T 3 , T l < T 4 = T ! , so cycle is externally irreversible. Both q H and q L 
are over finite AT. 
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Energy Transfers (Btu/lbm): 


Exergy Transfers (Btu/lbm): 






Comment: The exergy into the cycle from the high temperature source must be found 
from the flow exergies in the water as the temperature is varying. 
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9.175 

Find the flows and fluxes of exergy in the condenser of Problem 9.154E. Use 
those to determine the 2 nd law efficiency. 

A smaller power plant produces 50 lbm/s steam at 400 psia, 1 100 F, in the boiler. 
It cools the condenser with ocean water coming in at 60 F and returned at 65 F so 
that the condenser exit is at 1 10 F. Find the net power output and the required 
mass flow rate of the ocean water. 

Solution: 


The states properties from Tables F.7.1 


State 1: 110 F, x = 0: hj = 78.01 Btu/lbm, sj = 0.1473 Btu/lbm R, 

State 3: 400 psia, 1100 F: h 3 = 1577.44 Btu/lbm, S3 = 1.7989 Btu/lbm R 

C.V. Turbine : w T = h 3 - h 4 ; s 4 = s 3 

s 4 = s 3 = 1.7989 = 0.1473 + x 4 (1.8101) => x 4 = 0.9124 

=> h 4 = 78.01 + 0.9124 (1031.28) = 1018.95 Btu/lbm 
C.V. Condenser : qL = h 4 - fq = 1018.95 - 78.01 = 940.94 Btu/lbm 

Ql = mq L = 50 x 940.94 = 47 047 Btu/s = m ocean C p AT 

m 0C ean = Q L / C p AT = 47 047 / (1 .0 X 5) = 9409 lbm/s 

The specific flow exergy for the two states are from Eq. 10.24 neglecting 
kinetic and potential energy 

V4 = h 4 - h 0 - T 0 (s 4 - s Q ), vi = h, - h Q - T 0 ( Sl - s Q ) 

The net drop in exergy of the water is 

® water — ^ water [^4 — — ^o ( S 4 — s j)l 

= 50 [ 1018.95 - 78.01 - 514.7 (1.7989 - 0.1473)] 

= 47 047 - 42 504 = 4543 Btu/s 

Notice that the reference values drops out. 
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The net gain in exergy of the ocean water is 


^ocean ^oceanD^ ^5 T 0 (s^ ^)] 

T 

= m oce an[Cp(T 6 - T_) - T 0 C p ln(^r) ] 

459.7 + 65 

= 9409 [ 1.0 (65 -60) -514.7 x 1.0 In 459 7 + 6Q 1 

= 47 047 - 46 370 = 677 Btu/s 
The second law efficiency is 

677 

ix — ® ocean ^ ® water — 4543 — 

In reality all the exergy in the ocean water is destroyed as the 65 F water mixes with the 
ocean water at 60 F after it flows back out into the ocean and the efficiency does not have 
any significance. Notice the small rate of exergy relative to the large rates of energy being 
transferred. 
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9.176 

Find the flows of exergy into and out of the feedwater heater in Problem 9.160E. 


State 1: Xj = 0, h 1 = 97.97 Btu/lbm, v 1 = 0.01625 ft 3 /lbm, s = 0.1817 
State 3: x 3 = 0, h 3 = 330.7 Btu/lbm, s 3 = 0.5142 Btu/lbm R 
State 5: h 5 = 1350.52 Btu/lbm, s 5 = 1.5871 Btu/lbm R 

State 6: s 6 = s 5 = 1.5871 Btu/lbm R => h 6 = 1208.93 Btu/lbm 
C.V Pump PI 

144 

Wpi = h 2 - h 3 = v,(P 2 - P,) = 0.01625(150 - 2.225)^ = 0.44 Btu/lbm 

=> h 2 = hj + w P1 = 97.97 + 0.44 = 98.41 Btu/lbm 
s 2 = s i = 0.1817 Btu/lbm R 



C.V. Feedwater heater: Call m 6 / m tot = x (the extraction fraction) 

Energy Eq.: (1 - x) h 2 + x h 6 = 1 h 3 A 

l 3 

Vh2_ 330.7 - 98.41 l_ 

x_ h 6 -h 2 _ 1208.93 - 98.41 “ azuyz 

1-x F 2 

Ref. State: 14.7 psia, 77 F, s Q = 0.08774 Btu/lbm R, h 0 = 45.08 Btu/lbm 

V 2 = h 2 ' h ° ' T ° (s 2 ' s °) 

= 98.41 - 45.08 - 536.67(0.1817 - 0.08774) = 2.90 Btu/lbm 
\|/ 6 = 1208.93 - 45.08 - 536.67(1.5871 - 0.08774) = 359.2 Btu/lbm 

i|/ 3 = 330.7 - 45.08 - 536.67(0.5142 - 0.08774) = 56.75 Btu/lbm 

The rate of exergy flow scaled with maximum flow rate is then 


® 2 /m 3 = (1 - x) \|/ 2 = 0.7908 x 2.90 = 2.297 Btu/lbm 
6 6 /m 3 = xy 6 = 0.2092 x 359.2 = 75.144 Btu/lbm 
® 3 /m 3 = V 3 = 56.75 Btu/lbm 

The mixing is destroying 2.297 + 75.144 - 56.75 = 20.7 Btu/lbm of exergy 
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9.177 

For Problem 9.162E, consider the boiler/superheater. Find the exergy destruction 
and the second law efficiency for the boiler-source setup. 

The boiler has flow in at state 4 and out at state 5 with the source providing a q at 
350 F. 

Assume state 4 is saturated liquid at T 4 so h 4 = h f4 => T 4 = 68.4F 
State 4: h 4 = 118.4 Btu/lbm = h f4 , s 4 = s f4 = 0.2494 Btu/lbm-R 

State 5: h 5 = 744.1 Btu/lbm, s 5 = 1.3062 Btu/lbm-R 

Energy Eq. q H = h 5 - h 4 = 744.1 - 1 18.4 = 625.7 Btu/lbm 

Entropy Eq. s 4 + q H /T H + s gen = s 5 => s gen = s 5 -s 4 -q H /T H 

Sgen = ms gen = [1.3062 — 0.2494 — 7 ] 

= 10 X 0.2841 = 2.841 Btu/s-R 
The flow increase in exergy is: 

\|/g - vp 4 = hj — h 4 — T 0 (s 5 - s 4 ) = 625.7 - 536.7 (1.3062 - 0.2494) 

= 58.62 Btu/lbm 

The exergy provided by the source is: 

= ( 1 ' V t h) 9h = (1 - 35 (f +459 7 ) 625 - 7 = 210 - 96 Btu/lbm 

Second law efficiency is 

gain in exergy 58.62 

' n source exergy input 210.96 

( = 1 - T 0 s gen % = 1 - 536.7 x 0.2841 / 210.96 ) 
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9.178 

2 

Steam is supplied in a line at 400 lbf/in. , 1200 F. A turbine with an isentropic 
efficiency of 85% is connected to the line by a valve and it exhausts to the atmosphere at 

14.7 lbf/in. . If the steam is throttled down to 300 lbf/in. before entering the turbine find 
the actual turbine specific work. Find the change in exergy through the valve and the 
second law efficiency of the turbine. 

C.V. Valve: Energy Eq.: h 2 = hj = 1631.79 Btu/lbm, 

Entropy Eq.: s 2 > s 1 = 1.8327 Btu/lbm R, 

State 2: h 2 , P 2 => s 2 = 1.86407 Btu/lbm R 
Ideal turbine: s 3 = s 2 => h 3s = 1212.28 Btu/lbm 

w T,s = ^2 ■ h 3s - 419.51 Btu/lbm 
Actual turbine: w T,ac = 0 t w t,s = 356.58 Btu/lbm 

h 3ac = h 2 ' w Tac = 1275.21 Btu/lbm => s 3ac = 1.9132 Btu/lbm R 

V2-Vi=h2- h i- T o( s 2- s i) 

= 0 - 536.67(1.86407 - 1.8327) = -16.835 Btu/lbm 

w rev = \|/ 2 - \|/ 3 = 1631.79 - 1275.21 - 536.67(1.86407 - 1.9132) 

= 382.95 Btu/lbm 

On = w ac /w rev = 356.58/382.95 = 0.931 
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9.179 

Find the two heat transfer rates, the total cycle exergy destruction, and the second 
law efficiency for the refrigerator in problem 9. 17 IE. 

A refrigerator receives 500 W of electrical power to the compressor driving the 
cycle flow of R-134a. The refrigerator operates with a condensing temperature of 100 F 
and a low temperature of -10 F. Find the COP for the cycle. 


State 1: fq = 165.09 Btu/lbm, s 3 = 0.4162 Btu/lbm-R 

State 2: s 2 = s l5 P 2 = P 3 = 138.9 psia, h 2 = 184.02 Btu/lbm 

w c = h 2 - = 184.02 - 165.09 = 18.93 Btu/lbm 

State 3: h 3 = 108.86 Btu/lbm 

State 4: h 4 = h 3 = 108.86 Btu/lbm, 

q H = h 2 - h 3 = 184.02 - 108.86 = 75.16 Btu/lbm 
q L = h l - h 4 = 56.23 Btu/lbm 


m = W/w c = 0.5 x 3412 / 18.93 = 90.12 lbm/hr 


Q h = 90.12 x 75.16 = 6773 Btu/hr; Q L = 90.12 x 56.23 = 5067 Btu/hr 

q L Oh 

Entropy Eq. for total C.V.: 0 = ^ - ^ + s gen 

L H 

0h 0l 75.16 56.23 

i — T 0 s gen — T 0 ( -p - ) — 536.7 y ■ qqq y) — 4.96 Btu/lbm 

I = m i = 90.12 lbm/hr x 4.96 Btu/lbm = 447 Btu/hr 
The cold space gain in availability 


A\|/ l = (1 - 7jr) (-q L ) = (1 - IH7) (-56.23) = 10.88 Btu/lbm 

L 

output A\|/ L 10.88 

r * II_ source - w c - 18.93 - 

Remark: The high temperature reservoir also gains availability so 

T 0 536.7 

A\(/h = (1 - ^ ) q L = (1 - 559^7) 75.16 = 3.09 Btu/lbm 
the total balance is : w c = A\|/ H + A\j/ l + i = 3.09 + 10.88 + 4.96 = 18.93 OK. 
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9.180 

Consider an ideal dual-loop heat-powered refrigeration cycle using R-134a as the 
working fluid, as shown in Fig. P9.135. Saturated vapor at 200 F leaves the boiler 
and expands in the turbine to the condenser pressure. Saturated vapor at 0 F 
leaves the evaporator and is compressed to the condenser pressure. The ratio of 
the flows through the two loops is such that the turbine produces just enough 
power to drive the compressor. The two exiting streams mix together and enter 
the condenser. Saturated liquid leaving the condenser at 1 10 F is then separated 
into two streams in the necessary proportions. Determine the ratio of mass flow 
rate through the power loop to that through the refrigeration loop. Find also the 
performance of the cycle, in terms of the ratio Q L /Q H . 





T 

P 

h 

s 

F 

lbf/in 2 

Btu/lbm 

Btu/lbm R 

1 

0 

22.2 

166.8 

0.4154 

2 

- 

161.1 


0.4154 

3 

110 

161.1 

112.4 

0.067 45 

4 

0 

21.2 

112.4 


5 

- 

503.6 



6 

200 

503.6 

181.7 

0.3955 

7 

110 

161.1 


0.3955 


Computer tables for 
properties. 

P 2 -P 3 -P S at at i 10 F 
P =P A =P CAT at 200 F 

j o bAl 

s 2 =Sj=0.4154 

h 2 = 185.0 

Pump work: 
w p = h 5 -h 3 

- v 3 (P 5 -P 3 ) 


144 

w p = 0.01415(503.6 - 161.1)^ = 0.897 Btu/lbm 
h 5 = 112.4 + 0.897= 113.3 Btu/lbm 
s 7 = s 6 = 0.3955 = 0.2881 + x 7 (0.1203) => x ? = 0.8928 
h ? = 1 12.4 + 0.8928 (68.5) = 173.6 Btu/lbm 
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CV : turbine + compressor 
Continuity Eq.: rh ( = m 2 , m 6 = m 7 

Energy Eq.: + m 6 h 6 = ifi-,h, + m ? h 7 

. h 2 ~ h i 185.0- 166.8 
m 6 /m i “ h, - h 7 “ 181.7 - 173.6 “ 2,247 


CV evaporator: Q L = m | (h | -h 4 ), 


CV boiler: Q H = m 6 (h 6 -h 5 ) 


^ P = q l /q h 


m i( h r h 4 ) _ 166.8-112.4 

“2.247 (181.7 - 113.3)“ 0,354 

m 6 ( h 6-h 5 ) 
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Review Problems 
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9.181 

The power plant in Problem 9.147E is modified to have a superheater section 

following the boiler so the steam leaves the super heater at 600 lbf/in. , 700 F. 
Find the specific work and heat transfer in each of the ideal components and the 
cycle efficiency. 

Solution: 

For this cycle from Table F.7 

State 3: Superheated vapor h 3 = 1350.62 Btu/lbm, s 3 = 1.5871 Btu/lbm R, 

State 1: Saturated liquid hj = 97.97 Btu/lbm, Vj = 0.01625 ft 3 /lbm 

C.V. Pump: Adiabatic and reversible. Use incompressible fluid so 

144 

w p = fv dP = Vj (P 2 - Pj) = 0.01625(600 - 2.2)^^= 1.8 Btu/lbm 
h 2 = hj + w p = 97.97 + 1.8 = 99.77 Btu/lbm 
C.V. Boiler: q H = h 3 - h 2 = 1350.62 - 99.77 = 1250.85 Btu/lbm 

C.V. Tubine: w T = h 3 - h 4 , s 4 = s 3 

s 4 = s 3 = 1.5871 Btu/lbm R = 0.1817 + x 4 1.7292 => x 4 = 0.8127, 
h 4 = 97.97 + 0.8127 x 1019.78 = 926.75 Btu/lbm 
w T = 1350.62 - 926.75 = 423.87 Btu/lbm 

^ cycle = ( W T ' w p )/c 1h = ( 423 - 87 ‘ 1 -8)/l 250.85 = 0.337 
C.V. Condenser: 

q L = h 4 - hj = 926.75 - 97.97 = 828.8 Btu/lbm 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


9.182 

Consider a small ammonia absorption refrigeration cycle that is powered by solar 
energy and is to be used as an air conditioner. Saturated vapor ammonia leaves the 
generator at 120 F, and saturated vapor leaves the evaporator at 50 F. If 3000 Btu 
of heat is required in the generator (solar collector) per pound-mass of ammonia 
vapor generated, determine the overall performance of this system. 


NH 3 absorption cycle: 

sat. vapor at 120 F exits the generator. 
Sat. vapor at 50 F exits the evaporator 

q., = q = 3000 Btu/lbm NFL 

^GEN 3 

out of generator. 



^2 ‘ 50 F ' 120 F 624.28 - 178.79 

= 445.49 Btu/lbm => q L /q H = 445.49/3000 = 0.1485 
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9.183 

Consider an ideal combined reheat and regenerative cycle in which steam enters 
the high-pressure turbine at 500 lbf/in. 2 , 700 F, and is extracted to an open feedwater 
heater at 120 lbf/in. 2 with exit as saturated liquid. The remainder of the steam is reheated 
to 700 F at this pressure, 120 lbf/in. 2 , and is fed to the low-pressure turbine. The 
condenser pressure is 2.225 lbf/in. 2 . Calculate the thermal efficiency of the cycle and the 
net work per pound-mass of steam. 


5: h 5 = 1356.66, s 5 = 1.6112 
7: h 7 = 1378.17, s 7 = 1.7825 
3: h 3 = h f = 312.59, v 3 = 0.01788 
C.V. T1 

s 5 = s 6 => h 6 = 1209.76 
w xl = h 5 - h 6 = 1356.66 - 1209.76 

= 146.9 Btu/lbm 
C.V. Pump 1 

w Pi=h 2 -hi = Vi( p 2 - p i) 

= 0.01623(120 - 2) = 0.354 



=> h 2 = h 1 + w P1 = 93.73 + 0.354 = 94.08 Btu/lbm 
C.V. FWH 


x h 6 + (1 - x) h 2 = h 3 


^3 - h2 
X= h 6 -h 2 


C.V. Pump 2 


312.59- 94.08 
1209.76 - 94.08 _0 - 1958 



w P2 = h 4 - h 3 = v 3 (P 4 - P 3 ) = 0.01788(500 - 120)(144/778) = 1.26 Btu/lbm 


=> h 4 = h 3 + w p2 = 312.59 + 1.26 = 313.85 Btu/lbm 
q H = h 5 - h 4 + (1 - x)(h 7 - h 6 ) = 1042.81 + 135.43 = 1178.2 Btu/lbm 
C.V. Turbine 2 

S 7 = S 8 => x 8 = (1.7825 - 0. 1 8 17)/1 .7292 = 0.9257 
h 8 = h f +x 8 h fg = 97.97 + 0.9257 x 1019.78 = 1041.98 
w T2 = h 7 - h 8 = 1378.17 - 1041.98 = 336.19 

w net = W T1 + (1 - X) W T2 - (1 - X) W pl - W p2 

= 146.9 + 270.36 - 0.285 - 1.26 = 415.72 kj/kg 

h cycle = w net /q H = 415. 72/1178.2 = 0.353 
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9.184 

In one type of nuclear power plant, heat is transferred in the nuclear reactor to 
liquid sodium. The liquid sodium is then pumped through a heat exchanger where 
heat is transferred to boiling water. Saturated vapor steam at 700 lbf/in. 2 exits this 
heat exchanger and is then superheated to 1 100 F in an external gas-fired 
superheater. The steam enters the turbine, which has one (open-type) feedwater 

extraction at 60 lbf/in. 2 . The isentropic turbine efficiency is 87%, and the 
condenser pressure is 0.95 lbf/in. 2 . Determine the heat transfer in the reactor and 
in the superheater to produce a net power output of 1000 Btu/s. 



700 lbf/in 2 



CV Pump 1 

w P12 = 0.016136(60 - 1)144/778 = 0.18 Btu/lbm 
h 2 = hj + w P12 = 69.73 + 0.18 = 69.91 Btu/lbm 
CV Pump 2 

w P34 = 0.017378(700 - 60)144/778 = 2.06 Btu/lbm 
h 4 = h 3 + w p34 = 262.24 + 2.06 = 264.3 Btu/lbm 
CV HP Turbine section 

s 7S = s 6 = 1-7682, P? => T ?s = 500.8 F, h 7S = 1283.4 Btu/lbm 
h ? = h 6 - q ST (h 6 - h 7§ ) = 1625.8 - 0.87(1625.8 - 1283.4) = 1327.9 
CV LP Turbine section 

s„„ = s, = 1.7682 = 0.1296 + x cc x 1.8526 => x QC = 0.8845 

05 O 05 50 

h = 68.04 + 0.8845 x 1036.98 = 985.25 Btu/lbm 

05 

h 8 = h 6 - q ST (h 6 - h gs ) = 1625.8 - 0.87(1625.8 - 985.25) = 1068.5 Btu/lbm 
CV Feedwater heater: Continuity Eq.: m, + m ? = m 3 = 1.0 lbm, 
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Energy Eq.: nx,h 0 + m ? h 7 = m h 3 

m ? = (262.24-69.91) / (1327.9-69.91) = 0.1529 

CV: turbine: w T = (h g - h ? ) + (1 - m 7 )(h ? - h g ) 

= 1625.8-1327.9 + 0.8471(1327.9-1068.5) = 517.6 Btu/lbm 
CV pumps: w p = n^Wp^ + m 3 w p34 = 0.8471x0.18 + 1x2.06 = 2.2 Btu/lbm 

w M = 517.6 -2.2 = 515.4 Btu/lbm => m = 1000/515.4 = 1.940 lbm/s 

NET 

CV: reactor Q REACT = m(h 5 - h 4 ) = 1.94 (1202 - 264.3) = 1819 Btu/s 
CV: superheater Q sup = m(h 6 - h 5 ) = 1.94 (1625.8 - 1202) = 822 Btu/s 
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9.192-e 

Consider an ideal heat pump that has a condenser temperature of 120 F and an 
evaporator temperature of 30 F. Determine the coefficient of performance of this 
heat pump for the working fluid R-12. 

T 

Ideal Heat Pump 
T , = 120 F 

cond 

T = 30 F 

evap 


Use computer table for R-12 

s 



Property/parameter 

R-12 

h 1? Btu/lbm 

80.42 

s 2 = s r Btu/lbm-R 

0.1665 

P„ lbf/in 2 

172.3 

T F 

1 2’ 

132.2 

h 2 , Btu/lbm 

91.0 

h 3 = h 4 , Btu/lbm 

36.011 

-w c = h 2 - h 1 

10.58 

% = \ ' ^3 

54.995 

P' = 

5.198 
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9.193-d 

Do Problem 9.151 with R-22 as the working fluid. 

Standard Rankine cycle with properties from the computer R-22 tables, 

hj = 39.267 Btu/lbm, Vj = 0.01404 ft 3 /lbm, Pj = 210.6 psia, 

P 9 = P 3 = 554.8 psia, h 3 = 1 10.07 Btu/lbm, s 3 = 0.1913 Btu/lbm R 

144 

CV: Pump w p = v^-Pp = 0.01404 (554.8-210.6)^ = 0.894 Btu/lbm 

h 9 = hj + w p = 39.267 + 0.894 = 40.16 Btu/lbm 
CV: Turbine s 4 = s 3 

=> x 4 = (0.1913 - 0.07942)/0. 13014 = 0.9442 
h 4 = 101.885 Btu/lbm, w T = h 3 - h 4 = 8.185 Btu/lbm 
CV: Boiler 

q H = h 3 - h 2 = 110.07 - 40.16 = 69.91 Btu/lbm 
r| TH = (w T - w p )/q H = (8.185 - 0.894)/157.21 = 0.104 
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9.195 

The simple steam power plant in Problem 4.180E, shown in Fig P4.121 has a 
turbine with given inlet and exit states. Find the exergy at the turbine exit, state 6. Find the 
second law efficiency for the turbine, neglecting kinetic energy at state 5. Use CATT3 to 
solve. 

Properties from Problem 4.180E and s values from F.7.2. 
h 6 = 1029, h 5 = 1455.6, h 0 = 45.08 allinBtu/lbm 

s 5 = 1.6408, s 6 = 1.8053, s G = 0.08769 all in Btu/lbm R 

Kinetic energy at state 6: KE 6 = 0.5V^ = 600 2 /( 2 x 25 037) = 7.19 Btu/lbm 

Recall 1 Btu/lbm = 25 037 ft 2 /s 2 


\|/ 6 = h 6 + KE 6 - h Q - T 0 ( s 6 - s c ) = 61 .26 Btu/lbm 
w rev = \|/5 - \i/ 6 = h 5 - h 6 - T 0 ( s 5 - s 6 ) = 515.2 Btu/lbm 
W AC = h 5 - h 6 = 426.9 Btu/lbm 

nn = w ac / w rev = 426.9 / 515.2 = 0.829 
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In-Text Concept Questions 
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lO.a 

The Brayton cycle has the same 4 processes as the Rankine cycle, but the T-s and 
P-v diagrams look very different; why is that? 

The Brayton cycle have all processes in the superheated vapor (close to 
ideal gas) region. The Rankine cycle crosses in over the two-phase region. 


lO.b 

Is it always possible to add a regenerator to the Brayton cycle? What happens 
when the pressure ratio is increased? 

No. When the pressure ratio is high, the temperature after compression is 
higher than the temperature after expansion. The exhaust flow can then not 
heat the flow into the combustor. 


lO.c 

Why would you use an intercooler between compressor stages? 

The cooler provides two effects. It reduces the specific volume and thus 
reduces the work in the following compressor stage. It also reduces the 
temperature into the combustor and thus lowers the peak temperature. This 
makes the control of the combustion process easier (no autoignition or 
uncontrollable flame spread), it reduces the formation of NOx that takes 
place at high temperatures and lowers the cooling requirements for the 
chamber walls. 
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lO.d 

The jet engine does not produce shaft work; how is power produced? 

The turbine produces just enough shaft work to drive the compressor and it makes 
a little electric power for the aircraft. The power is produced as thrust of the 
engine. In order to exhaust the gases at high speed they must be accelerated so the 
high pressure in the turbine exit provides that force (high P relative to ambient). 
The high P into the turbine is made by the compressor, which pushes the flow 
backwards, and thus has a net resulting force forwards on the blades transmitted 
to the shaft and the aircraft. The outer housing also has a higher pressure inside 
that gives a net component in the forward direction. 
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lO.e 

How is the compression in the Otto cycle different from the Brayton cycle? 

The compression in an Otto cycle is a volume reduction dictated by the 
piston motion. The physical handles are the volumes V | and V 2 . 

The compression in a Brayton cycle is the compressor pushing on the flow 
so it determines the pressure. The physical control is the pressure P 2 determined 

by how much torque you drive the shaft with. 
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How many parameters do you need to know to completely describe the Otto 
cycle? How about the Diesel cycle? 

Otto cycle. State 1 (2 parameters) and the compression ratio CR and the 
energy release per unit mass in the combustion, a total of 4 parameters. With that 
information you can draw the diagrams in Figure 10.2. Another way of looking at 
it is four states (8 properties) minus the four process equations (S2 = Sj, v 3 = v 2 , S4 
= S3 and v 4 = V}) gives 4 unknowns. 

Diesel cycle. Same as for the Otto cycle namely 4 parameters. The only 
difference is that one constant v process is changed to a constant P process. 
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The exhaust and inlet flow processes are not included in the Otto or Diesel cycles. 
How do these necessary processes affect the cycle performance? 

Due to the pressure loss in the intake system and the dynamic flow process 
we will not have as much mass in the cylinder or as high a P as in a reversible 
process. The exhaust flow requires a slightly higher pressure to push the flow out 
through the catalytic converter and the muffler (higher back pressure) and the 
pressure loss in the valve so again there is a loss relative to a reversible process. 
Both of these processes subtract a pumping work from the net work out of the 
engine and a lower charge mass gives less power (not necessarily lower 
efficiency) than otherwise could be obtained. 
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Concept-Study Guide Problems 
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10.1 

Is a Brayton cycle the same as a Carnot cycle? Name the four processes. 


No. The Brayton cycle approximates a gas turbine. 


1-2 

2- 3 

3- 4 

4- 1 


An isentropic compression (constant s) 

An isobaric heating (constant P) 

An isentropic expansion (constant s) 

An isobaric cooling, heat rejection (constant P) 


Compressor 
Combustor 
Turbine 
Heat exchanger 


Comment: This cycle is the same as the Rankine cycle 4 processes, but it takes 
place in the ideal gas region of states. The last process does not exist 
in the real gas turbine which is an open cycle. 
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10.2 

Why is the back work ratio in the Brayton cycle much higher than in the Rankine 
cycle? 


Recall the expression for shaft work in a steady flow device 

w = - f v dP + .... 

The specific volume in the compressor is not so much smaller than the 
specific volume in the turbine of the Brayton cycle as it is in the pump 
(liquid) compared to turbine (superheated vapor) in the Rankine cycle. 
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10.3 

For a given Brayton cycle the cold air approximation gave a formula for the 
efficiency. If we use the specific heats at the average temperature for each change 
in enthalpy will that give a higher or lower efficiency? 

The specific heats are increasing functions of temperature. As the expression for 
the efficiency is from p.464 

C P 4-1 T 4 -T! 

Cp 3-2 T 3~ T 2 

The average T from 4 to 1 is lower than the average T from 2 to 3 and therefore 
the ratio of the two specific heats is lower than one yielding a higher efficiency 
than the cold air approximation gives for a given set of temperatures. However, 
the temperature ratios are different from the cold air calculation for the same 
compression ratio so the final result is a little more complex. 


4 ~ h l 

h 3 -h 2 
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10.4 

Does the efficiency of a jet engine change with altitude since the density varies? 

No, just like the standard Brayton cycle the simple model performance 
depends only on the compression ratio. 

10.5 

Why are the two turbines in Figures 10.8-9 not connected to the same shaft? 

Such a configuration gives a little more flexibility in the control of the 
cycle under varying loads. The two turbines would then not have to run at the 
same speed for various power output levels. 
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10.6 

Why is an air refrigeration cycle not common for a household refrigerator? 

The capacity of the air cycle per mass flowing through the system is very 
small compared with the vapor compression cycle. The cycle also includes the 
expander which is one more piece of equipment that will add cost and 
maintenance requirements to the system. 
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10.7 

Does the inlet state (P^, Tj) have any influence on the Otto cycle efficiency? How 
about the power produced by a real car engine? 

Very little. The efficiency for the ideal cycle only depends on compression 
ratio when we assume cold air properties. The u’s are slightly non-linear in T so 
there will be a small effect. 

In a real engine there are several effects. The inlet state determines the 
density and thus the total mass in the chamber. The more mass the more energy is 
released when the fuel bums, the peak P and T will also change which affects the 
heat transfer loss to the walls and the formation of NOx (sensitive to T). The 
combustion process may become uncontrollable if T is too high (knocking). Some 
increase in P| like that done by a turbo-charger or super-charger increases the 

power output and if high, it must be followed by an intercooler to reduce Tj. If P 1 
is too high the losses starts to be more than the gain so there is an optimum level. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


10.8 

For a given compression ratio does an Otto cycle have higher or lower efficiency 
than a diesel cycle? 

This is actually not clear from the formula’s so we need to refer to the T-s 
diagram where we see that the average T at which the heat is added is higher for 
the Otto cycle than the diesel cycle for the same compression ratio. However 
since the diesel cycle runs with much higher compressions ratios than the Otto 
cycle most typical diesel cycles have higher efficiency than typical Otto cycles. 
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10.9 

How many parameters do you need to know to completely describe the Atkinson 
cycle? How about the Miller cycle? 

Four parameters for the Atkinson cycle. A total of 8 properties minus four 
known process equations give 4 unknowns. 

The Miller cycle has one additional process so that requires one more 
parameter for a total of five. That is 10 properties with 5 known process equations 
leaving 5 unknowns. 
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10.10 

Why would one consider a combined cycle system for a power plant? For a heat 
pump or refrigerator? 

Dual cycle or combined cycle systems have the advantage of a smaller 
difference between the high and low ranges for P and T. The heat can be added at 
several different temperatures reducing the difference between the energy source 
T and the working substance T. The working substance vapor pressure at the 
desired T can be reduced from a high value by adding a topping cycle with a 
different substance or have a higher low pressure at very low temperatures. 
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10.11 

Can the exhaust flow from a gas turbine be useful? 

Usually the temperature in the exhaust flow is fairly high compared to 
ambient conditions so we could use the hot exhaust flow energy. It could be used 
directly for heating purposes in process applications or heating of buildings. As a 
topping cycle it can be used to heat/boil water for use in a Rankine cycle. 

10.12 

Where may a heat engine driven refrigerator be useful? 

Any remote location where electricity is not available. Since a rotating 
shaft is available in a car engine the car A/C unit is driven by a belt engaged with 
a magnetic clutch so you do not have to have an electric motor. 
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10.13 

Since any heat transfer is driven by a temperature difference, how does that affect 
all the real cycles relative to the ideal cycles? 


• _ 

Heat transfers are given as Q = CA AT so to have a reasonable rate the 
area and the temperature difference must be large. The working substance then 
must have a different temperature than the ambient it exchanges energy with. This 
gives a smaller temperature difference for a heat engine with a lower efficiency as 
a result. The refrigerator or heat pump must have the working substance with a 
higher temperature difference than the reservoirs and thus a lower coefficient of 
performance (COP). 

The smaller CA is, the larger AT must be for a certain magnitude of the 
heat transfer rate. This can be a design problem, think about the front end air 
intake grill for a modem car which is very small compared to a car 20 years ago. 
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10.14 

In an Otto cycle the cranking mechanism dictates the volume given the crank 
position. Can you say something similar for the Brayton cycle? 

Yes, in the Brayton cycle the compressor determines the high pressure, the 
more compressor work input there is, the harder it pushes on the gas leading to a 
higher exit pressure. So in the Brayton cycle the pressure ratio is one of the design 
parameters just like the volume compression ratio is in a piston cylinder type of 
cycle. 
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10.15 

For all the gas cycles it is assumed the ideal compression and expansions are 
isentropic. This is approximated with a polytropic process having n = k. The 
expansion after combustion will have some heat loss due to high temperature so 
what does that imply for the value of n? 

In the expansion of the hot gases we can expect a heat loss to the cooler 
walls so a q out means a decrease in entropy. The polytropic processes as plotted 
in Fig. 6.13 shows what happens. In an expansion volume goes up so P and T 
drops then if entropy must decrease it means n > k. 
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10.16 

For all the gas cycles it is assumed the ideal compression and expansions are 
isentropic. This is approximated with a polytropic process having n = k. The 
compression in a diesel engine leads to high temperatures and thus will have some 
heat loss so what does that imply for the value of n? 

In the compression of air P and T go up, see Fig. 6.13. The start of the 
process may have n = k as the temperature of the air is not too different from the 
wall temperature. As the air gets hotter it will lose heat to the walls and thus 
entropy will decrease. Moving up and to the left in the T-s diagram corresponds to 
a process with n < k. 
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10.17 

If we compute the efficiency of an Otto or Diesel cycle we get something like 
60% for a compression ratio of 10: 1. Is a real engine close to this? 

Not at all. A gasoline engine has an efficiency of about 35% pushing it to 
40% for a hybrid configuration. Diesel engines can be about 40-45% with bigger 
two stroke engines, like for ships, having the higher efficiencies. Scale helps in 
that heat loss and flow losses scale with area whereas power scales with volume. 
This also means that very small engines have the smallest efficiency as the losses 
become significant. 
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10.18 

A hybrid powertrain couples a battery/motor with an internal combustion engine. 
Mention a few factors that make this combination a little more efficient. 


1. The combustion engine can be operated in a narrow range of RPM and load 
(throttle) conditions. This means it can be optimized for that narrow range. 

2. The combustion engine does not have to accelerate and go through a transient 
period with extra fuel or decelerate and idle with no useful power output. 

3. The combustion engine can be smaller and operate at full throttle cutting 
pumping losses and fully use all components that do not need to be designed 
for a larger capacity. In a standard car all systems must be designed for the 
maximum expected load, which is used 2% of the time if ever, thus adding 
mass, increasing warm up time etc. 

4. With electric motors driving the wheels regenerative braking can be used. 
This means the motors act as electrical generators and charge the battery 
during braking. 
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Brayton Cycles, Gas Turbines 
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10.19 

In a Brayton cycle the inlet is at 300 K, 100 kPa and the combustion adds 800 
kJ/kg. The maximum temperature is 1400 K due to material considerations. Find 
the maximum permissible compression ratio and for that the cycle efficiency 
using cold air properties. 

Solution: 

Combustion: h 3 = h 2 + q H ; 2 W 3 = 0 and T max = T 3 = 1400 K 

T 2 = T 3 - q H /C P = 1400 K - 800 kJ/kg /1.004 kJ/kg-K = 603.2 K 

Reversible adiabatic compression leads to constant s, from Eq.6.23: 

k 

P 2 /P, = (T/T^k- 1 = (603.2/300) 3 ' 5 = 11.53 

Reversible adiabatic expansion leads to constant s, from Eq.6.23 

M 300 

T 4 = T 3 (P 4 /P 3 ) k = T 3 T x /T 2 = 1400 = 6963 K 

For net work we get 

w T = C P (T 3 - T 4 ) = 1.004(1400 - 696.3) = 706.5 kJ/kg 
w c = C P (T 2 - Tj) = 1.004(603.2 - 300) = 304.4 kJ/kg 
w net = w T - w c = 706.5 - 304.4 = 402.1 kJ/kg 
r\ = w net / q H = 402. 1 / 800 = 0.503 
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10.20 

A Brayton cycle has compression ratio of 15: 1 with a high temperature of 1600 K 
and the inlet at 290 K, 100 kPa. Use cold air properties and find the specific heat 
addition and specific net work output. 


Brayton cycle so this means: 
Minimum T: T, = 290 K 

Maximum T: T 3 = 1600 K 

Pressure ratio: P 2 /P| = 15 

Compression in compressor: 82 = 8 ! 

=> Implemented in Eq.6.23 



k-l 

T 2 = TjiPyPj) k = 290 K (15) 0 ' 286 = 628.65 K 


Energy input is from the combustor 

q H = C po (T 3 - T 2 ) = 1.004 (1600 - 628.65) = 975.2 kj/kg 


Do the overall cycle efficiency and the net work 




w net _ | i .-(k-l)/k_ 1 15 -0.4/1.4 

9h “ _1 P " ‘ ' ’ 


0.5387 


w net = B 9h = 0.5387 x 975.2 = 525.34 kj/kg 
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10.21 

A large stationary Brayton cycle gas-turbine power plant delivers a power output 
of 100 MW to an electric generator. The minimum temperature in the cycle is 300 
K, and the exhaust temperature is 750 K. The minimum pressure in the cycle is 
100 kPa, and the compressor pressure ratio is 14 to 1. Calculate the power output 
of the turbine. What fraction of the turbine output is required to drive the 
compressor? What is the thermal efficiency of the cycle? 

Solution: 

Brayton cycle so this means: 

Minimum T: T 1 = 300 K 

Exhaust T: T 4 = 750K 

Pressure ratio: P 2 /P | = 14 

Solve using constant C P0 

Compression in compressor: s 2 = Sj => Implemented in Eq. 6. 23 

k-l 

T 2 = T 1 (P 2 /P 1 ) k = 300 K x (14) 0 - 286 = 63 8.1 K 

w c = h 2 - h, = C po (T 2 - Tj) = 1.004 (638.1 - 300) = 339.5 kJ/kg 

Expansion in turbine: s 4 = s 3 => Implemented in Eq.6.23 

k-l 

T 3 = T 4 (P 3 /P 4 ) k = 750 K X (14) 0 - 286 = 15 94 K 
w x = h 3 - h 4 = C po (T 3 - T 4 ) = 1 .004 (1594 - 750) = 847.4 kJ/kg 
w NET = 847.4 - 339.5 = 507.9 kJ/kg 
Do the overall net and cycle efficiency 

m = W NET /w NET = 100 000 kW/507.9 kJ/kg = 196.9 kg/s 

W T = mw x = 196.9 kg/s x 847.4 kJ/kg = 166.85 MW 
w c /w x = 339.5/847.4 = 0.40 

Energy input is from the combustor 

q H = C po (T 3 - T 2 ) = 1.004 (1594 - 638.1) = 959.7 kJ/kg 

r, XH = w NEX /q H = 507.9/959.7 = 0.529 
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10.22 


Consider an ideal air-standard Brayton cycle in which the air into the compressor 
is at 100 kPa, 20°C, and the pressure ratio across the compressor is 12:1. The 
maximum temperature in the cycle is 1 100°C, and the air flow rate is 10 kg/s. 
Assume constant specific heat for the air, value from Table A. 5. Determine the 
compressor work, the turbine work, and the thermal efficiency of the cycle. 


Solution: 




Compression ratio 



Max temperature 
T 3 = 1100°C 

m = 10 kg/s 


The compression is reversible and adiabatic so constant s. From Eq.6.23 

k-l 
k 


To = T 


fP 2 3 


v p c 


= 293.2 K x (12) 0 ' 286 = 5 96.8 K 


Energy equation with compressor work in 

w c = - lW2 = C po (T 2 - Tj) = 1.004(596.8 - 293.2) = 304.8 kJ/kg 
The expansion is reversible and adiabatic so constant s. From Eq.6.23 


T 4 = T 


fiy 

k-l 

k 


rn 

3 W 


1373.2 K 

I12J 


0.286 


= 674.7 K 


Energy equation with turbine work out 

w x = C po (T 3 - T 4 ) = 1.004(1373.2 - 674.7) = 701.3 kJ/kg 
Scale the work with the mass flow rate 


W c = mw c = 3048 kW, W x = mw x = 7013 kW 
Energy added by the combustion process 

q H = C po (T 3 - T 2 ) = 1.004(1373.2 - 596.8) = 779.5 kJ/kg 
r, TH = w NEX /q H = (701.3 - 304.8)/779.5 = 0.509 
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10.23 


A Brayton cycle has air into the compressor at 95 kPa, 290 K and has an 
efficiency of 50%. The exhaust temperature is 675 K. Find the pressure ratio and 
the specific heat addition by the combustion for this cycle. 


The efficiency is given by the compression ratio so we get 

k 


3.5 


11 = 1 - r^' 1 ^ = 0.5 => r p = P 2 /P l = (1/0.5) k_1 = 2 =11.314 


The compression is reversible and adiabatic so constant s. From Eq.6.23 

(k 

P 


T 2 = T, rl k " 1)/k = 290 K x (11.314) °' 4/1 ' 4 = 580 K 


The expansion process gives 


T 3 = T 4 rp k4)/k = 675 K x (11.314) 

Energy added by the combustion process 

q H = C P0 (T 3 - T 2 ) = 1 .004 kJ/kg-K x 


0.4/1. 4 


(1350- 


1350 

580) 


K 

K = 773 kj/kg 
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10.24 

A Brayton cycle has inlet at 290 K, 90 kPa and the combustion adds 1000 kJ/kg. 
How high can the compression ratio be so the highest temperature is below 1700 
K? Use cold air properties to solve. 




Compression ratio 

r p = P 2 /Pi 

Max temperature 
T 3 = 1700 K 

Combustion adds 

293 = h 3 - h 2 


Let us work back from state 3 to 2 as 
293 = h 3 - h 2 = C po (T 3 - T 2 ) 

T 2 = Tg - 2 9 3 / C P0 = 1700 K - 1000 kJ/kg /1.004 kJ/kg-K = 704 K 
The compression is reversible and adiabatic so constant s. From Eq.6.23 

70433.5 


T 2 = T ir 


( k- 1 )/k 
P 


r P = 


AlJ 


k-1 


V 


290 j 


= 22.29 
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10.25 

Assume a state of 1400 kPa, 2100 K into the turbine section of a Brayton cycle 
with an adiabatic expansion to 100 kPa and the compressor inlet temperature is 
300 K. Find the missing temperatures in the cycle using Table A.7 and then give 
the average value of k (ratio of specific heats) for the compression and expansion 
processes. 


Compression process: 

S T2 = 4l + R ln(P 2 /P 1 ) = 6.86926 + 0.287 ln(14) = 7.62667 kJ/kg-K 
T 2 = 629.4 K and h 2 = 638.3 kJ/kg 
Expansion process: 

s ° 4 = s ^ 3 + R ln(P 4 /P 3 ) = 9.02721 + 0.287 ln(l/14) = 8.26980 kJ/kg-K 
T 4 = 1124.5 K and h 4 = 1189.6 kJ/kg 
In the compression process 

638.3 - 300.47 

C P = (h 2 - h^ /(T 2 - Tj) = 629 4 _ 30Q = 1.0256 kJ/kg-K 

1.0256 

k - C P /( C P -R )- 1 0255 _ q 287 - 1*3886 


In the expansion process 


Cp = (h 3 - h 4 ) /(T 3 - T 4 ) = 


2376.82 - 1189.6 
2100- 1124.5 


k = C P /( C P - R) 


1.217 

1.217 -0.287 “ 


1.308 


1.217 kJ/kg-K 
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10.26 

Repeat Problem 10.24 using Table A.7. 


Compression ratio 

P 2 /P 1 

Max temperature 
T 3 = 1700 K 

Combustion adds 
2 q 3 = h 3 - h 2 

Let us work back from state 3 to 2 as 
A. 7: h 3 = 1879.76 kJ/kg 

293 = h 3 - h 2 => 

h 2 = h 3 - 2 q 3 = 1879.76 - 1000 = 879.76 kJ/kg 

From A. 7: s^ 2 = 7.95477 kJ/kg-K 

The compression is reversible and adiabatic so constant s. From Eq.6.19 

S T2 = Sjj + R ln(P 2 /P!) so 

o o 7.95477 - 6.83521 

P 2 /P! = exp [ (s T2 - s T1 )/R ] = exp [ ] = 49.4 

This is too high for a real compressor. 
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10.27 

A Brayton cycle produces net 50 MW with an inlet state of 17°C, 100 kPa and the 
pressure ratio is 14:1. The highest cycle temperature is 1600 K. Find the thermal 
efficiency of the cycle and the mass flow rate of air using cold air properties. 

Inlet state is state 1, P 2 /Pi = 14 and T 3 = 1600 K. 

Compression: Reversible and adiabatic so constant s from Eq.6.23 

T 2 = T 1 (P 2 /P 1 ) (k ' 1)/k = 290 K x (14) 0 - 2857 = 616.38 K 

290 

^ CYCLE - W NET^H - ' " T 1^ T 2 ~ 1 - 616.38 “ 

Combustion: constant pressure 

q H = h 3 - h 2 = C P0 (T 3 - T 2 ) = 1.004 kJ/kg-K x (1600 - 616.38) K 
= 987.56 kJ/kg 

w NET = t1 CYC le % = 0-5295 x 987.55 kJ/kg = 522.9 kJ/kg 
m = W/ w NET = 50 000 kW / 522.9 kJ/kg = 95.62 kg/s 
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10.28 

A Brayton cycle produces 14 MW with an inlet state of 17°C, 100 kPa, and a 
compression ratio of 16:1. The heat added in the combustion is 1 160 kJ/kg. What 
are the highest temperature and the mass flow rate of air, assuming cold air 
properties? 

Solution: 


0 4/1 4 

= 290 K x 16 =640.35 K 


Temperature after compression is 
T (k-l)/k 

^2 E ip 

The highest temperature is after combustion 

11 60 kJ/kg 

T 3 - T 2 + c 1h /C p - 640.35 K + ] 0()4 kJ/kg . K 
Efficiency is from Eq.10.1 


= 1795.7 K 


p = 


W n et ^net 


Qh 


Oh 


= 1 - r _(k ' 1)/k = 1 _ 16 - 0 - 4 /k4 = q 54? 
P 


From the required power we can find the needed heat transfer 

14 000 

Qh= W n et / 0 = "(4547” kW = 25 594kW 


m = Q h / q H = 25 594 kW/ 1 160 kJ/kg = 22.06 kg/s 
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10.29 

Do Problem 10.23 using Table A. 7, this becomes trial and error 
Solution: 

We have states 1 and 4 which mean we can find q L and since we have efficiency 
r| = 1 - q L /q H , we can find q H . 

From A. 7.1: hj = 290.43 kJ/kg, s^j = 6.83521 kJ/kg K 

h 4 = 686.785 kJ/kg, s^ 4 = 7.701065 kJ/kg-K 
The heat rejection becomes q L = h 4 - h : = 686.785 - 290.43 = 396.355 kJ/kg 

9h = 9l/( 1 - il) = 2 9 l = 792.71 kJ/kg = h 3 - h 2 
With a known compression ratio we can get states 2 and 4 from states 1 and 3. 

The compression is reversible and adiabatic so constant s. From Eq.6.19 

s 2 = Sj => s^ 2 = ®xi Rln(P 2 /Pi) = 6.83521 + 0.287 In r p 
We get a similar relation for the expansion process 

s 4 = s 3 => s ^3 = s° 4 + Rln(P 3 /P 4 ) = 7.701065 + 0.2871n r p 

_(k_i)/k 

From the constant specific heat (q = 1 - r p => r p = 1 1.3) so guess r p = 12 
S T2 = 6.83521 + 0.287 In 12 = 7.54838 => h 2 = 590.8 kJ/kg 

s° 3 = 7.701065 + 0.287 In 12 = 8.41423 => h 3 = 1362.44 kJ/kg 

=> h 3 - h 2 = 771.6 kJ/kg which is too low (should be 792.71 kJ/kg) 
Guess r p = 14 and repeat the calculations 

St 2 = 6.83521 + 0.287 In 14 = 7.59262 => h 2 = 617.28 kJ/kg 

Sj 3 = 7.701065 + 0.287 In 14 = 8.458474 => h 3 = 1419.76 kJ/kg 

=> h 3 - h 2 = 802.48 kJ/kg which is too high (should be 792.71 kJ/kg) 
Linear interpolation: 

792.71 -771.6 

r p — 12 + (14— 12) 80248 _ 77L6 - 13.37 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Regenerators, Intercoolers, and Non-ideal Cycles 
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10.30 

Would it be better to add an ideal regenerator to the Brayton cycle in problem 
10.28? 


Inlet state is state 1, P 2 /Pi = 16 and q H = 1160 kJ/kg. 

Compression: Reversible and adiabatic so constant s from Eq.6.23 

T 2 = T,(P 2 /P,) (k '' )/k = 290 K x (16) 0 ' 2857 = 640.34 K 
Get the high temperature 

T 3 = T 2 + 9h / Cpo = 640.34 K + 1 160 kJ/kg /1.004 kJ/kg-K = 1795.7 K 
Expansion: isentropic 

T 4 = T 3 / (P 3 /P 4 ) (k ' 1Vk = 1795.7 K /16 0 ' 2857 = 813.2 K > T 2 


Since T 4 > T 2 some regeneration can be done. 

We could find (not needed), see p.471, 

0 cycle = 1 - (P2/Pl) (k4),k = 1 - T 2 / T 3 = 0.643 

This is better than the regular cycle 1 ! CY cle = ' “ r p^ ^ = 


0.547 
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10.31 

A Brayton cycle with an ideal regenerator has inlet at 290 K, 90 kPa with the 
highest P, T as 1 170 kPa, 1700 K. Find the specific heat transfer and the cycle 
efficiency using cold air properties. 




Compression ratio 

P 2 /Pi 

Max temperature 
T 3 = 1700 K 

Combustion adds 

9h = h 3 - h x 


Let us work from state 1 to 2 as constant s, Eq.6.23 

k-l 




t 2 = t 


v p l 


= 290 K x (1 170/90) 0 ' 2857 = 603.5 K 


Energy equation with compressor work in 

w c = h 2 - hj = C po (T 2 - Tj) = 1.004(603.5 - 290) = 313.5 kJ/kg 


= 9l 


The expansion is reversible and adiabatic so constant s. From Eq.6.23 

fP.Vr 1 ( 90 30.2857 

= 816.9 K >T 2 


T 4 = T 


V P 3 ) 


= 1700 K x 


( 1 1 70/ 


Since the exhaust T 4 > T 2 a regenerator can be used. Now the heat transfer 
added is 


q H = h 3 - h x = C po (T 3 - T x ) = 1.004(1700 - 816.9) = 886.6 kJ/kg = w x 


Pth = Wnet/Oh = (886.6 - 313.5)/ 886.6 = 0.646 


We could also have found efficiency, see p.471, as 


Bth - 


It 

t 3 





603.5 

1700 


0.645 
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10.32 


An ideal regenerator is incorporated into the ideal air-standard Brayton cycle of 
Problem 10.22. Find the thermal efficiency of the cycle with this modification. 


Consider an ideal air-standard Brayton cycle in which the air into the compressor 
is at 100 kPa, 20°C, and the pressure ratio across the compressor is 12:1. The 
maximum temperature in the cycle is 1 100°C, and the air flow rate is 10 kg/s. 
Assume constant specific heat for the air, value from Table A. 5. Determine the 
compressor work, the turbine work, and the thermal efficiency of the cycle. 


Solution: 




Compression ratio 



Max temperature 
T 3 = 1100°C 

m = 10 kg/s 


The compression is reversible and adiabatic so constant s. From Eq.6.23 

k-l 
k 


To = T 


fP 2 3 


v p c 


= 293.2 K x (12) 0 ' 286 = 5 96.8 K 


Energy equation with compressor work in 

w c = h 2 - hj = C po (T 2 - Tj) = 1.004(596.8 - 293.2) = 304.8 kJ/kg 

The expansion is reversible and adiabatic so constant s. From Eq.6.23 




k-l 

\r 

r n 

t 4 = t 3 

v p V 

= 1373.2 Kx 

I12J 


0.286 


= 674.7 K 

Energy equation with turbine work out 

w x = C po (T 3 - T 4 ) = 1.004(1373.2 - 674.7) = 701.3 kJ/kg 

Ideal regenerator: T x = T 4 = 674.7 K 

q H = h 3 - h x = 1.004(1373.2 - 674.7) = 701.3 kJ/kg = w x 
r, XH = w NEX /q H = (701.3 - 304.8)/701.3 = 0.565 

We could also have found efficiency, see p.471, as 

k-l 


Bth - 1 - 


T 

T 


PA 

w 


= 1 - 


T 

T 
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10.33 

Consider an ideal gas-turbine cycle with a pressure ratio across the compressor of 
12 to 1. The compressor inlet is at 300 K and 100 kPa, and the cycle has a 
maximum temperature of 1600 K. An ideal regenerator is also incorporated into 
the cycle. Find the thermal efficiency of the cycle using cold air (298 K) 
properties. 


Solution: 




Compression ratio 



Max temperature 
T 3 = 1600 K 


The efficiency with an ideal regenerator (T 4 = T x ) is from page 471 


Oth - 


Ii 

t 3 



k-1 

k 



300 0.2857 

1600 x 12 


0.619 
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10.34 


Assume the compressor in Problem 10.28 has an intercooler that cools the air to 
330 K operating at 500 kPa followed by a second stage of compression to 1600 
kPa. Find the specific heat transfer in the intercooler and the total combined work 
required. 

Solution: 

C.V. Stage 1 : 1 => 2 

Reversible and adiabatic gives constant s which from Eq.6.23 gives: 

T 2 = Tj (Pj/Pj)^' 1 ^ = 290 Kx (500/100) 0 2857 = 459.3 K 
w clin = C P ( T 2 - Tj) = 1.004(459.3 - 290) = 187.0 kJ/kg 

CV. Intercooler 2 => 3 
Constant pressure cooling 

q out = h 2 - h 3 = C P (T 2 - T 3 ) = 1 .004 (459.3 - 330) = 129.8 kJ/kg 
C.V. Stage 2: 3 => 4 

Reversible and adiabatic gives constant s which from Eq.6.23 gives: 

T 4 = T 3 (P 4 /P 3 ) (k ‘ 1)/k = 330 Kx (1600/500) 0 2857 = 460.1 K 
w c2in = Cp( T 4 - T 3 ) = 1.004(460.1 - 330) = 130.6 kJ/kg 

w tot = w ci + w c2 = 187 + 130.6 = 318 kJ/kg 

The intercooler reduces the work for stage 2 as T is lower and so is specific 
volume. The reduction in work due to the intercooler is shaded in the P-v 
diagram. 
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10.35 

A two-stage air compressor has an intercooler between the two stages as shown in 
Fig. P10.35. The inlet state is 100 kPa, 290 K, and the final exit pressure is 1.6 
MPa. Assume that the constant pressure intercooler cools the air to the inlet 

temperature, T 3 = Tj. It can be shown that the optimal pressure, P 2 = (P 1 P 4 ) , 

for minimum total compressor work. Find the specific compressor works and the 
intercooler heat transfer for the optimal P 2 . 

Solution: 

Optimal intercooler pressure P 2 = a/ 100 x 1600 = 400 kPa 

1: Iq = 290.43 kJ/kg, s^ = 6.83521 kJ/kg K 
C.V. Cl: w cl =h 2 -h 1? s 2 = s 1 leading to Eq. 6. 19 

=> s ° 2 = sjj + R ln^/Pj) = 6.83521 + 0.287 In 4 = 7.2331 kJ/kg K 

=> T 2 = 430.3 K, h 2 = 432.05 kJ/kg 
w cl = 432.05 - 290.43 = 141.6 kJ/kg 
C.V. Cooler: = => h 3 = h 1 

Oout = h 2 - h 3 = h 2 - h 1 = w cl = 141.6 kJ/kg 

C.V. C2: T 3 = T 1? s 4 = s 3 and since s ^ 3 = s^ , P 4 /P 3 = P 2 /Pi 

=> s ^ 4 = s ^ 3 + R ln(P 4 /P 3 ) = s ^ 2 , so we have T 4 = T 2 

Thus we get w C2 = w cl = 141.6 kJ/kg 
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10.36 

The gas-turbine cycle shown in Fig. P10.36 is used as an automotive engine. In 
the first turbine, the gas expands to pressure P , just low enough for this turbine to 

drive the compressor. The gas is then expanded through the second turbine 
connected to the drive wheels. The data for the engine are shown in the figure and 
assume that all processes are ideal. Determine the intermediate pressure P , the 

net specific work output of the engine, and the mass flow rate through the engine. 
Find also the air temperature entering the burner T y and the thermal efficiency of 

the engine. 

a) Consider the compressor 

fP V^l 

s = s, =^> T = T 7“ k = 300 K x (6) 0 - 286 = 500.8 K 

v l) 

-w c = -w 12 = C P0 (T 2 - Tj) = 1.004(500.8 - 300) = 201.6 kJ/kg 

Consider then the first turbine work 
w T1 = -w c = 201.6 kJ/kg = C po (T 4 - T 5 ) = 1.004 kJ/kg-K (1600 K - T 5 ) 

=> T 5 = 1399.2 K 

/Fp \ k 

1 5 Icr fl 399.2V- 5 

s, = s . =7> P. = P . = 600 kPa x 1f ~ nn = 375 kPa 

54 541 y loUU y 

V 4 j 

^TT (\ 00j0'286 

b) s = s, => T=T, = 1399.2 K x = 958.8 K 

6 5 6 5 \P 5 J W5 

The second turbine gives the net work out 
w T9 = C po (T 5 - T 6 ) = 1.004(1399.2 - 958.8) = 442.2 kJ/kg 

m = W NET /w T9 = 150/442.2 = 0.339 kg/s 

c) Ideal regenerator =7> T 3 = T g = 958.8 K 

q H = C po (T 4 - T 3 ) = 1.004 kJ/kg-K (1600 - 958.8) K = 643.8 kJ/kg 
r) TH = w NEp /q H = 442.2/643.8 = 0.687 
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10.37 

Repeat Problem 10.35 when the intercooler brings the air to T 3 = 320 K. The 

corrected formula for the optimal pressure is P 2 = [ P { P 4 (T 3 /T |/ ) n ^ n ‘ l *] 1/2 see 
Problem 7.245, where n is the exponent in the assumed polytropic process. 


Solution: 

The polytropic process has n = k (isentropic) so n/(n - 1) = 1.4/0. 4 = 3.5 

P 2 =[P 1 P 4 (T 3 /T ] ) nAn - 1) ] 1/2 

= VlOOx 1600 kPa 320/290) 35 = 475.2 kPa 

k-1 

C.V. Cl: s 2 = s 1 => T, = T 1 (P 2 /P 1 )k = 290 Kx (475.2/100) 0 ' 2857 = 452.67 K 
w cl = h, - hj = C p (T 9 - T 3 ) = 1.004 kJ/kg-K x (452.67 - 290) K 

= 163.3 kj/kg 

C.V. Cooler: q QUT = h 2 - h 3 = 1 .004 kJ/kg-K (452.67 - 320) K = 133.2 kj/kg 

k-1 

C.V. C2:s 4 = s 3 => T 4 = T 3 (P 4 /P 3 ) k = 320 K x ( 1 600/475. 2) 0 ' 2857 = 452.67 K 


w 


C2 = h 4 - h 3 = C p (T 2 - T { ) = 1.004 kJ/kg-K (452.67 - 320) K 

= 133.2 kj/kg 
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10.38 

Repeat Problem 10.21, but include a regenerator with 75% efficiency in the cycle. 

A large stationary Brayton cycle gas-turbine power plant delivers a power output 
of 100 MW to an electric generator. The minimum temperature in the cycle is 300 
K, and the exhaust temperature is 750 K. The minimum pressure in the cycle is 
100 kPa, and the compressor pressure ratio is 14 to 1. Calculate the power output 
of the turbine. What fraction of the turbine output is required to drive the 
compressor? What is the thermal efficiency of the cycle? 

Solution: 

Both compressor and turbine are reversible and adiabatic so constant s, Eq.6.23 
relates then T to P assuming constant heat capacity. 

k-l 

Compressor: => T 2 = T 1 (P 2 /P 1 ) k = 300 K (14) a286 = 638.1 K 

w c = h 2 - fq = C po (T 2 - Tj) = 1.004 (638.1 - 300) = 339.5 kJ/kg 

k-l 

Turbine s 4 = s 3 => T 3 = T 4 (P 3 /P 4 ) k = 750 K x (14) 0 ' 286 = 15 94 K 

w x = h 3 - h 4 = C po (T 3 - T 4 ) = 1 .004 (1594 - 750) = 847.4 kJ/kg 
w NET = 847.4 - 339.5 = 507.9 kJ/kg 

m = W NEX /w NEX = 100 000 kW /507.9 kJ/kg = 196.9 kg/s 

W x = mw x = 196.9 kg/s x 847.4 kJ/kg = 166.85 MW 
w c /w x = 339.5/847.4 = 0.40 


At 

3 

For the regenerator 


>' 

h x -h 2 T x -T 2 T x - 638.1 


X'/ 

Breg = 0. /5 = ^ . q 2 = X4 . j 2 = 75 0 . 638.1 

X i 

jr > 4 


2 f 

s' 

=> T x = 722.0 K 

ik 

^P = 100 kPa 

Turbine and compressor work not affected by 


o 

regenerator. 


Combustor needs to add less energy with the regenerator as 

q H = C po (T 3 - T x ) = 1.004(1594 - 722) = 875.5 kJ/kg 

r) X H = Wnet/Oh = 507.9/875.5 = 0.58 
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10.39 

An air compressor has inlet of 100 kPa, 290 K and brings it to 500 kPa after 
which the air is cooled in an intercooler to 340 K by heat transfer to the ambient 
290 K. Assume this first compressor stage has an isentropic efficiency of 85% and 
it is adiabatic. Using constant specific heat and find the compressor exit 
temperature and the specific entropy generation in the process. 

C.V.: Stage 1 air, Steady flow 
Isentropic compressor is done first. 

Process: adiabatic: q = 0, reversible: s gen = 0 

Energy Eq. 6. 13: -w cl =h 2 -h 1? Entropy Eq. 9. 8: s 2 = Sj 

Assume constant C P0 = 1.004 from A. 5 and isentropic leads to Eq.6.23 

— 0.286 
t 2s = T 1 (P 2 /P 1 ) k = 290 K X (500/100) = 459.3 K 

w cls = hj - h 2s = CpoOT! - T 2 ) = 1.004(290 - 459.3) = -170 kJ/kg 

Now the actual compressor work becomes 

W C1 ac = w cis /r lcis = -170/0.85 = -200 kJ/kg = hj - h 2ac = C Po (T l - T 2ac ) 

T 2ac = T 1 - w ci ac /C Po = 290 + 200/1.004 = 489.2 K 

T2ac P 2 

s gen = s 2ac “ S 1 = ^Po ^ n ( ^ ) “ R 

= 1.004 ln(489. 2/290) - 0.287(500/100) = 0.0631 kJ/kg-K 
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10.40 

A two-stage compressor in a gas turbine brings atmospheric air at 100 kPa, 17°C 

to 500 kPa, then cools it in an intercooler to 27°C at constant P. The second stage 
brings the air to 2500 kPa. Assume both stages are adiabatic and reversible. Find 
the combined specific work to the compressor stages. Compare that to the specific 
work for the case of no intercooler (i.e. one compressor from 100 to 1000 kPa). 

Solution: 

C.V. Stage 1: 1 => 2 

Reversible and adiabatic gives constant s which from Eq.6.23 gives: 

T 2 = Tj (Pj/Pj)^' 1 ^ = 290 K (500/100) 0 2857 = 459.3 K 
w clin = C P ( T 2 - Tj) = 1.004(459.3 - 290) = 170.0 kJ/kg 
C.V. Stage 2: 3 => 4 

Reversible and adiabatic gives constant s which from Eq.6.23 gives: 

T 4 = T 3 (P 4 /P 3 ) (k ‘ 1)/k = 300 K (2500/500) 0 2857 = 475.1 K 
w c2 in = C P ( T 4 - T 3 ) = 1.004 kJ/kg-K (475.1 - 300) K = 175.8 kJ/kg 

w tot = w ci + w c2 = 170 + 175.8 = 345.8 kJ/kg 

The intercooler reduces the work for stage 2 as T is lower and so is specific 
volume. 

C.V. One compressor 1 => 5 

Reversible and adiabatic gives constant s which from Eq.6.23 gives: 

T 5 = Tj (Pj/Pj)^' 1 ^ = 290 K (2500/100) 0 2857 = 727.4 K 
w in = C P ( T 5 - Tj) = 1.004 kJ/kg-K (727.4 - 290) K = 439 kJ/kg 




The reduction in work due to the intercooler is shaded in the P-v diagram. 
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10.41 

Repeat Problem 10.21, but assume that the compressor has an isentropic 
efficiency of 85% and the turbine an isentropic efficiency of 88%. 

Solution: 

The original cycle was reversible 
Brayton cycle so this means: 

Minimum T: T 1 = 300 K 

Exhaust T: T 4 S = 750K 

Pressure ratio: P 2 /P| = 14 

Solve using constant C P0 
Ideal compressor: s 2 = s, => Implemented in Eq.6.23 

k-l 

T 2s = T 1 (P 2 /P 1 ) k = 300 K (14) 0 ' 286 = 638.1 K 
w Cs = h 2 - h, = C po (T 2 - Tj) = 1.004 (638.1 - 300) = 339.5 kJ/kg 
Actual compressor 

=> w c = w sc /r) sc = 339.5/0.85 = 399.4 kJ/kg = CpoC^-Tj) 

=> T 2 = Tj + w c /C P0 = 300 + 399.4/1.004 = 697.8 K 
Ideal turbine: s 4 = s 3 => Implemented in Eq.6.23 

k-l 

T 3 = T 4s (P 3 /P 4s ) k = 750 K (14/1) 0 286 = 15 94 K 
w Ts = h 3 - h 4 = C P0 (T 3 - T 4 ) = 1.004 (1594 - 750) = 847.4 kJ/kg 
Actual turbine 

=> w T = r) ST w st = 0.88 x 847.4 = 745.7 kJ/kg = C P0 (T 3 -T 4 ) 

=> T 4 = T 3 - w T /C P0 = 1594 - 745.7/1.004 = 851.3 K 
Do the overall net and cycle efficiency 

w net = w T - w c = 745.7 - 399.4 = 346.3 kJ/kg 

m = W NET /w NET = 100000 kW /346.3 kJ/kg = 288.8 kg/s 


At 



W x = mw T = 288.8 kg/s x745.7 kJ/kg = 215.36 MW 
w c /w x = 399.4/745.7 = 0.536 

Energy input is from the combustor 

q H = C P0 (T 3 - T 2 ) = 1.004 kJ/kg-K (1594 - 697.8) K = 899.8 kJ/kg 

Pth = w NEX /q H = 346.3/899.8 = 0.385 
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A gas turbine with air as the working fluid has two ideal turbine sections, as 
shown in Fig. P10.42, the first of which drives the ideal compressor, with the 
second producing the power output. The compressor input is at 290 K, 100 kPa, 
and the exit is at 450 kPa. A fraction of flow, x, bypasses the burner and the rest 
(1 — jc) goes through the burner where 1200 kJ/kg is added by combustion. The 
two flows then mix before entering the first turbine and continue through the 
second turbine, with exhaust at 100 kPa. If the mixing should result in a 
temperature of 1000 K into the first turbine find the fraction x. Find the required 
pressure and temperature into the second turbine and its specific power output. 

C.V.Comp.: -w c = h 7 -h 1 ; s 7 = s l 

Reversible and adiabatic gives constant s which from Eq.6.23 gives: 

T 2 = Tj (Pj/Pj)^" 1 ^ = 290 K (450/100) °' 2857 = 445.7 K 
h 9 = 447.75 kJ/kg, -w c = 447.75 - 290.43 = 157.3 kJ/kg 

C.V.Bumer: h 3 = h 2 + q H = 447.75 + 1200 = 1647.75 kJ/kg 
=> T 3 = 1510 K 

C.V.Mixing chamber: (1 - x)h 3 + xh 2 = h MIX = 1046.22 kJ/kg 

_ h 3 ' h Mix _ 1647.75 - 1046.22 
X_ h 3 -h 2 _ 1647.75 -447.75 “ 0,5013 

W T1 =W P . => w„ = -w= 157.3 = h, - h. 

T1 C,in T1 C 3 4 

h 4 = 1046.22 - 157.3 = 888.9 kJ/kg => T 4 = 860 K 

P 4 = P Mix^ T 4 /T MiX' )k/< k " 1 } = 450 kPa x (860/1000) 3 ' 5 = 265 kPa 
s 4 = s 5 => T 5 = T 4 (P 5 /P 4 ) (k ' 1Vk = 860 K (1 00/265 ) 0 ' 2857 = 651 K 
h 5 = 661.2 kJ/kg 

w T2 = h 4 - h 5 = 888.9 - 661.2 = 227.7 kJ/kg 
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A gas turbine cycle has two stages of compression, with an intercooler between 
the stages. Air enters the first stage at 100 kPa, 300 K. The pressure ratio across 
each compressor stage is 4 to 1, and each stage has an isentropic efficiency of 
82%. Air exits the intercooler at 330 K. Calculate the temperature at the exit of 
each compressor stage and the total specific work required. 

Solution: 

State 1: Pj = 100 kPa, Tj = 300 K 
State 3: T 3 = 330 K 

P 2 = 4 Pj = 400 kPa; P 4 = 4 P 3 = 1600 kPa 
Energy Eq.: w cl +hj =h 2 => w cl = h 2 - » C P (T 2 - Tj) 

Ideal Cl constant s, Eq.6.23: T 2s = Tj (P^Pj)*^' 1 ^ = 445.8 K 

w cl s = h 2s - h l ~ Cp( T 2s ' T l) = 146 - 4 kJ/k S’ 

Actual Eq.7.28: w cl = w cl s /q = 146.4/0.82 = 178.5 kJ/kg 

T 2 = T : + w cl /C P = 477.8 K 

Ideal C2 constant s, Eq.6.23: T 4s = T 3 (P 4 /P 3 )^ k ' lkk = 490.4 K 

w c2 s = h 4s - h 3 ~ C p( T 4s - T 3 ) = 161 kJ/kg; 

Actual Eq.7.28: w c2 = w c2s /r| =196.4 kJ/kg 

T 4 = T 3 + w c2 / C P = 525.6 K 
Total work in: 

w = w ci + w c2 = 178.5 + 196.4 = 374.9 kJ/kg 
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Consider an ideal air-standard Ericsson cycle that has an ideal regenerator as 
shown in Fig. P10.44. The high pressure is 1.5 MPa and the cycle efficiency is 
60%. Heat is rejected in the cycle at a temperature of 350 K, and the cycle 
pressure at the beginning of the isothermal compression process is 150 kPa. 
Determine the high temperature, the compressor work, and the turbine work per 
kilogram of air. 



P 2 = P 3 = 1.5 MPa 
T 1 = T, = 350K 
Pj = 150 kPa 

2 % = ' 4 % ( ' dcal re §-) 
^q H = 3q4& W T = q H 

r P = P 2 /Pl = 10 


Bth 'H 
0l = w c 

w T = q H 


1 - T /T = 0.6 => T = T , = T„ = 875 K 

JL JnL j 4 JHL 


CARNOT TH. 

= /vdP = RT 1 In 
= -Jv dP = -RT 3 ln(P 4 /P 3 ) = 578.2 kj/kg 


fp 2 ' 


615003 


= 0.287 x 350 x In 

1 150 J 


= 231.3 kj/kg 
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An air-standard Ericsson cycle has an ideal regenerator. Heat is supplied at 
1000°C and heat is rejected at 80°C. Pressure at the beginning of the isothermal 
compression process is 70 kPa. The heat added is 700 kJ/kg. Find the compressor 
work, the turbine work, and the cycle efficiency. 

Solution: 

Identify the states 

Heat supplied at high temperature T 3 = T 4 = 1000°C = 1273.15 K 

Heat rejected at low temperature Tj = T 2 = 80°C = 353.15 K 

Beginning of the compression: P = 70 kPa 

Ideal regenerator: 9 q 3 = - 4 q l => q H = 3 q 4 = 700 kJ/kg 

=> w T = q H = 700 kJ/kg 

353.15 

Bth _ ^carnot _ ' ' 1273.15 - 0.7226 
w NET = q TH q H = 0.7226 x 700 = 505.8 kJ/kg 
w c = q L = q H - w NET = 700 - 505.8 = 194.2 kJ/kg 
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The Brayton cycle in Problem 10.21 is changed to be a jet engine. Find the exit 
velocity using cold air properties. 

A large stationary Brayton cycle gas-turbine power plant delivers a power output 
of 100 MW to an electric generator. The minimum temperature in the cycle is 300 
K, and the exhaust temperature is 750 K. The minimum pressure in the cycle is 
100 kPa, and the compressor pressure ratio is 14 to 1. Calculate the power output 
of the turbine. What fraction of the turbine output is required to drive the 
compressor? What is the thermal efficiency of the cycle? 


Solution: 

Brayton cycle so this means: 
Minimum T: T^SOOK 

Exhaust T: T S = 750K 

Pressure ratio: P 2 /P ] = 14 

Solve using constant C P0 



Compression in compressor: s 2 = Sj => Implemented in Eq.6.23 

k-l 

T 2 = TjtP^Pj) k = 300 K (14) 0 ' 286 = 63 8.1 K 


w c = h 2 - hj = C po (T 2 - Tj) = 1.004 kJ/kg-K (638.1 - 300) K = 339.5 kJ/kg 


Turbine (w T = w c ) and nozzle: s 5 = s 4 = s 3 =^> Implemented in Eq.6.23 

k-l 

T 3 = T 5 (P 3 /P 5 ) k = 750 K (14/1) 0 286 = 15 94 K 
h 3 - h 5 = C po (T 3 - T 5 ) = 1.004 kJ/kg-K (1594 - 750) K = 847.4 kJ/kg 
I/ 2 V 5 = h 3 - h 5 - w c = 847.4 - 339.5 = 507.9 kJ/kg 
V 5 = \j2 x 1000 J/kJ x 507.9 kJ/kg = 1008 m/s 
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Consider an ideal air-standard cycle for a gas-turbine, jet propulsion unit, such as 
that shown in Fig. 10.9. The pressure and temperature entering the compressor are 
90 kPa, 290 K. The pressure ratio across the compressor is 14 to 1, and the turbine 
inlet temperature is 1500 K. When the air leaves the turbine, it enters the nozzle 
and expands to 90 kPa. Determine the velocity of the air leaving the nozzle. 

Solution: 



C.V. Compressor: Reversible and adiabatic S2 = Sj From Eq.6.20, 6.23 



k-l 

k 


= 290 K(14)°- 2857 = 6 1 6.4 K 


w c = h 2 - hj ~ C P0 (T 2 - Tj) = 1.004 kJ/kg-K x(616.4 - 290) K = 327.7 kJ/kg 
C.V. Turbine: w T = h 3 - h 4 = w c and s 4 = s 3 => 

T 4 = T 3 - w c /C P0 = 1500 - 327.7/1.004 = 1173.6 K 
C.V. Nozzle: s 5 = s 4 = s 3 so from Eq.6.23 

fPsVir ( 90 3 0 - 2857 

T, = T 3 5- = 1500 K x = 705.7 K 

3 ^[f3 J U26U/ 

Now the energy equation 

(1/2)' V| = h 4 - h 5 ~ C P0 (T 4 - T 5 ) = 1.004 (1 173.6 - 705.7) = 469.77 kJ/kg 
=> V 5 = y/2 x 1000 J/kJ x 469.77 kJ/kg = 969 m/s 
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The turbine section in a jet engine receives gas (assume air) at 1200 K, 800 kPa 
with an ambient atmosphere at 80 kPa. The turbine is followed by a nozzle open 
to the atmosphere and all the turbine work drives a compressor. Find the turbine 
exit pressure so the nozzle has an exit velocity of 800 m/s. Hint: take the CV 
around both turbine and nozzle. 

Solution: 

C.V. Reversible and adiabatic turbine and nozzle. This gives constant s, from 
Eq.6.23 we can relate the T’s and P’s 

State 3: 1200 K, 800 kPa State 5: 80 kPa; s 5 = s 3 

Eq.6.23: T 5 = T 3 (P 5 /P 3 ) (k ‘ 1)/k = 1200 K (80/800) 0 2857 = 621.56 K 

Energy: h 3 + 0 = h 5 + (l/2)Vg + w x = h 4 + w T 

w x = h 3 - h 5 - (1/2)V 3 = C P (T 3 - T 5 ) - (1/2)V 3 

= 1.004 kJ/kg-K (1200 - 621.56) K - (1/2) x 800 2 (J/kg) / (1000 J/kJ) 
= 580.75 - 320 = 260.75 kJ/kg 

C.V. Nozzle alone to establish state 4 (same s as state 5 and 3). 
h 4 = h 5 + (l/2)Vg = h 3 - w x 

T 4 = T 5 + (l/2)Vg/Cp = 621.56 + 320/1.004 = 940.29 K 

P 4 = P 3 (T 4 /T 3 ) k/<k - 1) = 800 kPa x (940.29/1200) 3 ' 5 = 340.7 kPa 


3 

<= 

W T 
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Given the conditions in the previous problem what pressure could an ideal 
compressor generate (not the 800 kPa but higher). 


C.V. Reversible and adiabatic turbine and nozzle. This gives constant s, from 
Eq.6.23 we can relate the T’s and P’s 

State 3: 1200 K, 800 kPa State 5: 80 kPa; s 5 = s 3 

Eq.6.23: T 5 = T 3 (P 5 /P 3 ) (k ‘ 1)/k = 1200 K (80/800) 0 2857 = 621.56 K 

Energy: h 3 + 0 = h 5 + (1/2)V;; + w x = h 4 + w T 

w x = h 3 - h 5 - (1/2) V] = C P (T 3 - T 5 ) - (1/2) Vf 

= 1.004(1200 - 621.56) - (1/2) x 800 2 /1000 
= 580.75 - 320 = 260.75 kJ/kg 
C.V. Compressor 

w c = h 2 - hj = w x = 260.75 kJ/kg 

T 2 = T\+ w c / C P = 270 K + 260.75 kJ/kg /1.004 kJ/kg-K = 529.71 K 
Reversible adiabatic compressor, constant s gives relation in Eq.6.23 
P 2 = Pj x (T 2 /T 1 ) k/(k ' 1) = 85 kPa x (529.7 1/270) 3 ' 5 = 899 kPa 


3 

<= 

W T 
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Consider a turboprop engine where the turbine powers the compressor and a 
propeller. Assume the same cycle as in Problem 10.46 with a turbine exit 
temperature of 900 K. Find the specific work to the propeller and the exit 
velocity. 




Compression in compressor: s 2 = Sj => Implemented in Eq.6.23 

k-l 

T 2 = TjlPyPj) k = 300 K X (14) 0 - 286 = 63 8.1 K 
w c = h 2 - hi = C po (T 2 - Tj) = 1.004 kJ/kg-K (638.1 - 300) K = 339.5 kJ/kg 

C.V. Turbine: w T = h 3 - h 4 = w c + w prop and s 4 = s 3 = s 5 => 

k-l 

T 3 = T 5 (P3/P5) k = 750 K X (14/1) 0 ' 286 = 15 94 K 
Wp^ = c po ( T 3 - T 4 ) - w c = 1.004(1594 - 900) - 339.5 = 357.3 kJ/kg 
C.V. Nozzle: s 5 = s 4 = S3 so from Eq.6.23 
Now the energy equation 

(1/2)V| = h 4 - h 5 ~ C P0 (T 4 - T 5 ) = 1.004 (900 - 750) = 150.6 kJ/kg 
=> V 5 =a/2x 1000 x 150.6 = 549 m/s 
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Consider an air standard jet engine cycle operating in a 280 K, 100 kPa 
environment. The compressor requires a shaft power input of 4000 kW. Air enters 
the turbine state 3 at 1600 K, 2 MPa, at the rate of 9 kg/s, and the isentropic 
efficiency of the turbine is 85%. Determine the pressure and temperature entering 
the nozzle at state 4. If the nozzle efficiency is 95%, determine the temperature and 
velocity exiting the nozzle at state 5. 

Solution: 

C.V. Shaft: W x = m(h 3 - h 4 ) = W c 

CV Turbine: h 3 - h 4 = / m = 4000 kW /9 kg/s = 444.4 kJ/kg 

T 4 = T 3 - w Xa / C p = 1600 - 444.4/1.004 = 1157.4 K 
Work back to the ideal turbine conditions 

Eq.7.27: w Xs = w Xa / q = 444.4/0.85 = 522.82 = h 3 - h 4s = C p ( T 3 - T 4s ) 

=> T 4s = 1600 - 522.82/1 .004 = 1079.3 K, 

P 4 = p 3 (T 4s /T 3 ) k/(k ‘ 1) = 2000 kPa x (1079.3/1600) 3 ' 5 = 504.2 kPa 
C.V. Nozzle: First the ideal (reversible and adiabatic i.e. constant s, Eq.6.23) 

=> T 5s = T 4 (P 5 /P 4 ) (k ' 1Vk = 1157.4 K x (100/504. 2) <k l)/k = 729 K 

Energy Eq.: (1/2^ = h 4 - h 5s = C p (T 4 - T 5s ) 

= 1.004 kJ/kg-K x (1157.4 - 729) K = 430.1 kJ/kg 
Now consider the actual nozzle 

Eq.7.30: 0.5V^ a = plOAV^) = 408.6 kJ/kg 

=> V 5a = V 2 x 1000 J/kJ x 408 - 6 kJ/kg = 904 m/s 

T 5a = T 4 - 0.5V^ a /C p = 1157.4 - 408.6 / 1.004 = 750 K 
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Solve the previous problem using the air tables. 

Solution done with the air tables A.7: 

C.V. Shaft: W x = m(h 3 - h 4 ) = W c 

CV Turbine: h 3 - h 4 = / m = 4000/9 = 444.4 kJ/kg 

h 4 = 1757.3 - 444.4 = 1312.9 kJ/kg 
Work back to the ideal turbine conditions 

Eq.7.27: w Ta = w c = 444.4 => w Ts = w Ta / q = 522.82 = h 3 - h 4s 

h 4s = 1234.5 => T 4s « 1163 K, s X4s = 8.3091 kJ/kg K 

^ 4 S “ ^3 = 0 — - R ll^P^/P^ ) 

0 = 8.3091 - 8.6905 - 0.287 ln(P 4 /2000) => P 4 = 530 kPa 

State 4 from A.7. 1: h 4 = 1312.9, T 4 = 1229.8 K, s X4 = 8.3746 kJ/kg K 
First consider the reversible adiabatic (isentropic) nozzle so from Eq.6.19 

S 5s ■ s 4 = 0 = S x5s - S X4 - R ln(P 5 /P 4 ) 

s° T5s = 8.3746 + 0.287 ln( 100/530) = 7.8960 kJ/kg K 
Table A.7. 1: T 5s = 808.1 K, h 5s = 831.0 kJ/kg 

=> O.SV^ = h 4 - h 5s = 1312.9 - 831.0 = 481.9 kJ/kg 
Now consider the actual nozzle 

Eq.7.30: 0.5V^ a = ri(0.5V^ s ) = 457.81 kJ/kg => V 5a = 957 m/s 

h 5a = h 4 - OAV^ = 1312.9-457.81 = 855.1 kJ/kg 
=> T 5a « 830 K 
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A jet aircraft is flying at an altitude of 4900 m, where the ambient pressure is 
approximately 50 kPa and the ambient temperature is -20°C. The velocity of the 
aircraft is 280 m/s, the pressure ratio across the compressor is 14:1 and the cycle 
maximum temperature is 1450 K. Assume the inlet flow goes through a diffuser 
to zero relative velocity at state 1. Find the temperature and pressure at state 1. 

Ambient 

T x = -20°C = 253.15 K, P x = 50 kPa = P 5 
also V x = 280 m/s 

Assume that the air at this state is reversibly 
decelerated to zero velocity and then enters the 
compressor at 1. 

P 2 /P! = 14 & T 3 = 1450 K 



C.V. Diffuser section, state 1 is the stagnation state. 

Vx (280) 2 

Energy Eq.: Tj - T x + 2 x 1000 x c - 253.15 + 2 x 1000 x L004 


Eq.6.23: 


fTA^ ( 292.2 V- 5 

p, = P x — = 50 kPa xtx 77 = 82.6 kPa 

1 A T y 1253.157 
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The turbine in a jet engine receives air at 1250 K, 1.5 MPa. It exhausts to a nozzle 
at 250 kPa, which in turn exhausts to the atmosphere at 100 kPa. The isentropic 
efficiency of the turbine is 85% and the nozzle efficiency is 95%. Find the nozzle 
inlet temperature and the nozzle exit velocity. Assume negligible kinetic energy 
out of the turbine. 

C.V. Turbine: First the ideal (reversible and adiabatic i.e. constant s, Eq.6.23) 

T es = Tj (P e /Pi) = 1250 K x (250/1500) (k ' 1Vk = 749.2 K 
Energy Eq.: w X s = h ; - h es = C p (Tj - T es ) = 1.004 (1250 - 749.2) = 502.8 kJ/kg 

Eq.7.27: w t,ac = w T,s x Ot = 427.4 kJ/kg = h ; - h e AC = C p (Tj - T e AC ) 

=> T e AC = 1250-427.4/ 1.004 = 824.3 K, 

C.V. Nozzle: First the ideal (reversible and adiabatic i.e. constant s, Eq.6.23) 

=> T es = T, (P e /Pi) (k ' 1)/k = 824.3 K x (100/250) (k ' 1Vk = 634.4 K 
Energy Eq.: (l/2)V e 2 s = h ; - h e s = 1.004(824.3 - 634.4) = 190.66 kJ/kg 
Eq.7.30: (l/2)Vj c = (1/2)V 2 S x q N0Z =181.13 kJ/kg 

V e AC = a/2x 1000 J/kJx 181.13 kJ/kg = 602 m/s 
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Solve the previous problem using the air tables. 

Solution using air tables A.7: 

C.V. Turbine: ^= 1336.7, s Xi = 8.3940, s es = Sj then from Eq. 6. 19 

=> Sj es = s Xi + R ln(P e /Pj) = 8.3940 + 0.287 in (250/1500) = 7.8798 kJ/kg K 
Table A.7. 1 T es = 796 K, h es = 817.9 kJ/kg, 

Energy Eq.: w T s = hj - h es = 1336.7 - 817.9 = 518.8 kJ/kg 

Eq.7.27: w x AC = w T s x q T = 441 kJ/kg = h ; - h e AC 

=> h e AC = 895.7 => T e AC = 866 K, s Xe = 7.9730 kJ/kg K 

C.V. Nozzle: hj = 895.7 kJ/kg, s Xi = 7.9730 kJ/kgK, s es = S; then from Eq. 6. 19 

=> s Xes = s Xi + R ln(P e /Pj) = 7.9730 + 0.287 In (100/250) = 7.7100 kJ/kgK 
Table A.7.1 => T e s = 681 K, h e s = 693.1 kJ/kg 
Energy Eq.: (l/2)V e 2 s = hj - h e s = 895.7 - 693.1 = 202.6 kJ/kg 
Eq.7.30: (l/2)V e | c = (1/2)V«? 8 x q NO z = 192.47 kJ/kg 

V e AC = ^2 x 1000 J/kJ x 192.47 kJ/kg = 620 m/s 
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An afterburner in a jet engine adds fuel after the turbine thus raising the pressure 
and temperature due to the energy of combustion. Assume a standard condition of 
800 K, 250 kPa after the turbine into the nozzle that exhausts at 95 kPa. Assume 
the afterburner adds 450 kJ/kg to that state with a rise in pressure for same 
specific volume, and neglect any upstream effects on the turbine. Find the nozzle 
exit velocity before and after the afterburner is turned on. 

Solution: 

Before afterburner is on: 1: 800 K; 250 kPa and 2: 95 kPa 

After afterburner is on: 3: v = v 1 and 4: 95 kPa 


Assume reversible adiabatic nozzle flow, then constant s from Eq.6.23 

T 2 = Tj (P 2 /P|) (k_l)/k = 800 K x (95/250) °' 2857 = 606.8 K 
Energy Eq.: (1/2) Vf = CpO^ - T 2 ) 

V 2 = ^2 CpCTj - T 2 ) = \[2 x 1004 J/kg-K (800 - 606.8) K = 622.8 m/s 
Add the q AB at assumed constant volume then energy equation gives 

T 3 = Tj + q AB /C v = 800 K + 450 kJ/kg/0.717 kJ/kg-K = 1427.6 K 
v 3 = v, => P 3 = Pj( T 3 /T|) = 250 kPa x 1427.6/800 = 446.1 kPa 
Reversible adiabatic expansion, again from Eq.6.23 

T 4 = T 3 (P 4 /P 3 ) (k ‘ 1Vk = 1427.6 K x (95/446.1) °' 2857 = 9 1 7.7 K 

V 2 = ^2 C P (T 3 - T 4 ) = ^2 x 1004 J/kg-K (1427.6 - 917.7) K = 1012 m/s 

Comment: The real process adds some fuel that burns releasing energy so the 
temperature goes up and due to the confined space then pressure goes up. As the 
pressure goes up the exit velocity increases altering the mass flow rate through the 
nozzle. As in most problems the real device is more complicated than we can 
describe with our simple analysis. 
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10.57 

An air standard refrigeration cycle has air into the compressor at 100 kPa, 270 K 
with a compression ratio of 3:1. The temperature after heat rejection is 300 K. 
Find the COP and the highest cycle temperature. 

From the isentropic compression/expansion processes 

M 0.2857 

T 2 /T] = (P^/Pi) k = 3 = 1.36874 = T 3 /T 4 


T 2 = Tj x 1.36874 = 270 K x 1.36874 = 369.6 K 
The COP, Eq. 10.5, is 



T 

T 


- 1 


= [ 1.36874- 



2.712 
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10.58 

A standard air refrigeration cycle has -10°C, 100 kPa into the compressor, and the 

ambient cools the air down to 35°C at 400 kPa. Find the lowest temperature in 
the cycle, the low T specific heat transfer and the specific compressor work. 

Solution: 


State 3: 35°C = 308.2 K, 400 kPa 

The lowest T is at state 4 which we can relate to state 3, constant s Eq.6.23 

k' 1 f 10030-2857 


T 4 = T 3 (P 4 /P 3 ) k = 308.2 Kx [JggJ = 204.9 K = -68.3°C 
Now the heat rejected is 

4 q, = hj - h 4 = C p (Tj - T 4 ) = 1.004 kJ/kg-K x (-10 + 68.3) K 

= 58.5 kj/kg 

The isentropic compression 

k' 1 6 40030.2857 


T 2 = T 1 (P 2 /P 1 ) k = 263.2 Kx 


1 OOj 


= 391.3 K 


from which we get the compressor work 


w c = h 1 -h 2 = C p (T, - T 2 ) = 1.004 kJ/kg-K x (263.2 - 391.3) K 

= -128.6 kj/kg 
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10.59 

The formula for the COP assuming cold air properties is given for the standard 
refrigeration cycle in Eq.10.5. Develop the similar formula for the cycle variation 
with a heat exchanger as shown in Fig. 10.12. 


Definition of COP: p = 


0l 


0l 


1 


w net Oh-Ol Oh 

0l 


- 1 


Assuming an ideal heat exchanger h 4 = h 6 and h , = h 3 so q L = w E 
From the refrigeration cycle we get the ratio of the heat transfers as 

q H C p (T 2 - T 3 ) T 2 - Ti T } (T/Ti) - 1 
q L “ C p (T 6 - T 5 ) - T 4 - T 5 - T 5 (T 4 /T 5 ) - 1 

The pressure ratios are the same and we have isentropic compression/expansion 


so now we get 


P2 

Pi 


To T 


fToW(k-l) 


Av 


fTAk/(k-D 


qH 


T, _ T. 


so 


V T 5 j 


T] T 3 T 4 T, (k-l)/k 
— - r P 


and the COP reduces to 


P = 


q L T 5 T 4 T 5 T 


1 


T 

J 


- 1 


T 1 ( k- 1 )/k 
r P - 1 


T 
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10.60 

Assume a refrigeration cycle as shown in Fig. 10.12 with reversible adiabatic 
compressor and expander. For this cycle the low pressure is 100 kPa and the high 
pressure is 1.4 MPa with constant pressure heat exchangers, see Fig. 10.12 T-s 

diagram. The temperatures are T 4 = T 6 = -50°C and Tj = T 3 = 15°C. Find the 
COP for this refrigeration cycle. 

Solution: 



Standard air refrigeration cycle with P, = 100 kPa, P 2 = 1.4 MPa 

We will solve the problem with cold air properties. 

Compressor, isentropic s 2 = Sj so from Eq.6.23 

k-l 

=> T 2 = Tj^/Pj) k = 288.2 K X (1400/100) 0 ' 286 = 6 1 3 K 
w c = -w 12 = C po (T 2 - Tj) = 1.004 kJ/kg-K (613 - 288.2) K = 326 kJ/kg 
Expansion in expander (turbine) 

— nw 

s 5 = s 4 => T 5 = T 4 (P 5 /P 4 ) k = 223.2 K x (100/1400) = 104.9 K 

w E = C po (T 4 - T 5 ) = 1.004 kJ/kg-K (223.2 - 104.9) K = 118.7 kJ/kg 
Net cycle work 

w net = w E - w c = 118.7 - 326.0 = -207.3 kJ/kg 
q L = C P0 (T 6 -T 5 ) = w E = 118.7 kJ/kg 
Overall cycle performance, COP 

p = q L /w NEX = 1 18.7 / 207.3 = 0.573 
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10.61 

Repeat Problems 10.60, but assume that helium is the cycle working fluid instead 
of air. Discuss the significance of the results. 

A heat exchanger is incorporated into an ideal air-standard refrigeration cycle, as 
shown in Fig. P10.60. It may be assumed that both the compression and the 
expansion are reversible adiabatic processes in this ideal case. Determine the 
coefficient of performance for the cycle. 

Solution: 



Standard air refrigeration cycle with helium and states as 

Tj =T 3 = 15 °C = 288.2 K, Pj = 100 kPa, P 2 =1.4MPa 

T 4 = T 6 = -50 °C = 223.2 K 


Compressor, isentropic s 2 = so from Eq.6.23 

— 6140030.40 

^ T 2 = T^/Pj) k = 288.2[^-J = 828.2 K 

w c = C po (T 2 - Tj) = 5.193 kJ/kg-K (828.2 - 288.2) K = 2804.1 kJ/kg 
Expansion in expander (turbine) 

— 6100 30.40 

s 5 = s 4 => T 5 = T 4 (P 5 /P 4 ) k = 223.2 K = 77.7 K 

w E = C po (T 4 - T 5 ) = 15.193 kJ/kg-K (223.2 - 77.7) K = 755.5 kJ/kg 
Net cycle work 

w NET = 755.5 - 2804.1 = -2048.6 kJ/kg 

q L = C po (T 6 - T 5 ) = 5.193 kJ/kg-K (223.2 - 77.7) K = 755.5 kJ/kg 
Overall cycle performance, COP 

p = q L /w NET = 755.5/2048.6 = 0.369 

Notice that the low temperature is lower and work terms higher than with air. 
It is due to the higher heat capacity C P0 and ratio of specific heats ( k = 1 2/3). The 

expense is a lower COP requiring more work input per kJ cooling. 
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10.62 

Repeat Problem 10.60, but assume an isentropic efficiency of 75% for both the 
compressor and the expander. 


Standard air refrigeration cycle with 

Tj =T 3 = 15 °C = 288.2 K, P t = 100 kPa, P 2 =1.4MPa 

T 4 = T 6 = -50 °C = 223.2 K 

We will solve the problem with cold air properties. 

Ideal compressor, isentropic s 7§ = s 1 so from Eq.6.23 

k-l 

=> T 2S = TjCP^Pj) k = 288.2(1400/100)°' 286 = 613 K 

w sc = -w 12 = C po (T 7S - T t ) = 1.004(613 - 288.2) = 326 kJ/kg 

The actual compressor 

w c = w sc / r) sc = 326/0.75 = 434.6 kJ/kg 

Expansion in ideal expander (turbine) 

— nm 

s 5 = s 4 => T 5S = T 4 (P 5 /P 4 ) k = 223.2(100/1400) = 104.9 K 

w E = C po (T 4 - T 5 ) = 1.004(223.2 - 104.9) = 118.7 kJ/kg 


The actual expander (turbine) 

T 

w e = ^se x w se = 0-^5 x 118.7 = 89.0 kJ/kg 
= C po (T 4 -T 5 )= 1.004(223.2 -T 5 ) 

=> T 5 = 134.5 K 

w NET = 89.0 - 434.6 = -345.6 kJ/kg 

q L = C po (T 6 - T 5 ) = 1.004(223.2 - 134.5) = 89.0 kJ/kg 
p = q L /(-w NET ) = 89.0/345.6 = 0.258 
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10.63 

The mean effective pressure scales with the net work and thus efficiency. Assume 
the heat transfer per unit mass is a given (it depends on the fuel-air mixture) how 
does the total power output then vary with the inlet conditions (Pj, T |)? 


The power output comes from speed and displacement in Eq. 10.1 1 


RPM 1 RPM 1 RPM 1 

W — PmeffVdispl gQ 2 — m Wne t 60 2 — m ^ 60 2 

From the last expression we notice that the power scales with mass and efficiency. 
From our simple analysis we know that the efficiency only depends on 
compression ratio CR and not on state 1, which then leaves the mass as affected 
by state 1. The mass of fresh charge is assumed proportional to the mass of air at 
ambient conditions (close to state 1) in the volume V d j sp i. The constant of 

proportionality is called the volumetric efficiency and depends on the throttling 
and other restrictions in the intake system which then leads to state 1. 

m ~ V displ / vj = V displ P i/RT j 

A cold charge (T | low) with high pressure P] (a super- or turbo-charger) will give 
the highest mass and thus the most power. 
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10.64 

A 4 stroke gasoline engine runs at 1800 RPM with a total displacement of 3L and 
a compression ratio of 10: 1. The intake is at 290 K, 75 kPa with a mean effective 
pressure of 600 kPa. Find the cycle efficiency and power output. 

Efficiency from the compression ratio 

r| = 1 - CR 1 k = 1 - 10 °' 4 = 0.60 

The power output comes from speed and displacement in Eq. 10.1 1 

RPM 1 o 1800 1 

w = P meff v displ 2 = 600 kPa x °- 003 m x “60“ (1/s) x 2 

= 27 kW 
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10.65 

Find the missing pressures and temperatures in the previous cycle. 

Efficiency from the compression ratio 

p = l-CR 1 ' k = 1- 10'°' 4 = 0.60 
v j = RTj/Pj = 0.287 kJ/kg-K x 290 K/75 kPa = 1.10973 m 3 /kg 

Compression: T 2 = T, (CR) k_1 = 290 K x (10) °' 4 = 728.45 K 

P 2 = P, (CR) k = 75 kPa x (10) L4 = 1883.9 kPa 
q H = u 3 - u 2 = C v (T 3 -T 2 ) = w net /ii = P meff (v, - v 2 )/ri 
= 600 x 1.10973(1 - l/CR)/0.60 = 998.76 kJ/kg 

T 3 = T 2 + q H / C v = 728.45 + 998.76/0.717 = 2121.4 K 
P 3 = P 2 x (T 3 /T 2 ) = 1883.9 (2121.4 / 728.45) = 5486 kPa 
T 4 = T 3 /CR 0 - 4 = 2121.4 K/IO 0 - 4 = 844.5 K 

P 4 = P 3 /CR L4 = 5486 kPa/10 1 - 4 = 218.4 kPa 
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10.66 

Air flows into a gasoline engine at 95 kPa, 300 K. The air is then compressed with 
a volumetric compression ratio of 10:1. In the combustion process 1300 kJ/kg of 
energy is released as the fuel burns. Find the temperature and pressure after 
combustion using cold air properties. 

Solution: 

Solve the problem with constant specific heat. 

Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and Eq.6.25 

T 2 = T, (v 1 /v 2 ) k ~ ' = 300 x 10 °' 4 = 753.6 K 

P 2 = P 1 x(v 1 /v 2 ) k = 95 X 10 1 ' 4 = 2386 kPa 
Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 
T 3 = T 2 + q H /C v = 753.6 + 1300/0.717 = 2567 K 
P 3 = P 2 x (T 3 /T 2 ) = 2386 (2567 / 753.6) = 8127 kPa 
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10.67 

A 4 stroke gasoline 4.2 L engine running at 2000 RPM has inlet state of 85 kPa, 
280 K and after combustion it is 2000 K and the highest pressure is 5 MPa. Find 
the compression ratio, the cycle efficiency and the exhaust temperature. 

Solution: 

Combustion v 3 = v 2 . Highest T and P are after combustion. 

280 x 5000 

CR = Vl /v 2 = Vl /v 3 = (TjPg^Pj) = 2QQQ x g5 = 8.235 

Efficiency from the compression ratio 

r| = 1 - CR 1 k = 1 - 8.235’ 0 ' 4 = 0.57 

Expansion 

T 4 = T 3 (v 3 /v 4 ) k ' 1 = T 3 [ 1/ CR ] k_1 = 2000 x (1/ 8.235) °' 4 = 860.5 K 
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10.68 

Find the power from the engine in Problem 10.67 
Solution: 

Combustion v 3 = v 2 . Highest T and P are after combustion. 

280 x 5000 

CR = Vl /v 2 = vj/vg = (T i P 3 /T 3 P i ) = 200() x 85 = 8.235 

Efficiency from the compression ratio 

p = 1 - CR 1 k = 1 - 8.235"°' 4 = 0.57 

Compression: T 2 = TjlCR)^ 1 = 280 K x (8.235) 0 4 = 650.8 K 

q H = u 3 - u 2 = C v (T 3 -T 2 ) = 0.717 kJ/kg-K (2000 -650.8) K = 967.4 kJ/kg 

V! = RTj/Pj = 0.287 kJ/kg-K x 280 K/85 kPa = 0.9454 m 3 /kg 
Displacement and then mep from net work 

vi - v 2 = vj- vj/CR = v^l - (1/CR)] = 0.8306 m 3 /kg 

p meff = w net/( v i - v 2) = 0 qtt/( vi - v 2 ) 

= 0.57 x 967.4/0.8306 = 663.9 kPa 
Total power from Eq. 10. 1 1 and 4 stroke cycle 
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10.69 

A 4 stroke 2.4 L gasoline engine runs at 2500 RPM has an efficiency of 60%. The 
state before compression is 40 kPa, 280 K and after combustion it is at 2400 K. 
Find the highest T and P in the cycle, the specific heat transfer added, the cycle 
mep and the total power produced. 

This is a basic 4-stroke Otto cycle. 

Compression ratio from the efficiency 

1 -k -1/04 

r| = 1 - CR => CR = (1 - p) = 9.882 
Compression: T 2 = Tj/CRf' 1 = 280 x (9.882) 0 4 = 700 K 

P 2 = Pi CR k = 40 x 9.882 1 ' 4 = 988.2 kPa 
Combustion v 3 = v 2 . Highest T and P are after combustion. 

988.2 x 2400 

T 3 = 2400 K, P 3 = P 2 T 3 / T 2 = = 3388 kPa 

q H = u 3 - u 2 = C v (T 3 - T 2 ) = 0.717 (2400 - 700) = 1218.9 kj/kg 

w net = Bth x 9h = 0-6 x 1218.9 = 731.34 kJ/kg 
Displacement and P meff 

Vj = RTj/Pj = (0.287 kJ/kg-K x 280 K)/40 kPa = 2.009 m 3 /kg 
v 2 = (1/9.882) Vl = 0.2033 m 3 /kg 
_ w net _ 731.34 

p meff - VrV2 - 2.009 - 0.2033 - 405 kPa 

Now we can find the power from Eq. 10. 1 1 

W = P meff V displ \ = 405 x 0.0024 x x \ = 20.3 kW 
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10.70 

Suppose we reconsider the previous problem and instead of the standard ideal 
cycle we assume the expansion is a polytropic process with n = 1.5. What are the 
exhaust temperature and the expansion specific work? 

This is a modified 4-stroke Otto cycle. Assume the same state 1-2-3 so only state 
4 is changed and thus also the efficiency is less than the original 60%. 
Compression ratio from the original efficiency assuming the standard cycle 

1 -k -1/04 

r| = 1 - CR => CR = (1 - p) = 9.882 
If a polytropic expansion with n = 1.5 instead then 

T 4m od = T 3 CR 1_n = 2400 X 9.882’ 0 ' 5 = 763.5 K 

This means a heat loss out and thus less work (see diagrams) 

R 0 287 

W = (T 4mod - T 3 ) = (763.5 - 2400) = 939.35 kj/kg 




Comments: 

The heat loss is 


3 q 4 = u 4 - u 3 + 3 w 4 = C v (T 4 - T 3 ) + 3 w 4 


= 0.717(763.5 - 2400) + 939.35 = -234 kJ/kg 
The original cycle has expansion work as 

T 4 = T 3 CR 1 k = 2400 x 9.882 0 4 = 960 K 

3 w 4 = C v (T 3 - T 4 ) = 0.717 (2400 - 960) = 1032.5 kj/kg 
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10.71 

Air flows into a gasoline engine at 95 kPa, 300 K. The air is then compressed with 
a volumetric compression ratio of 8:1. In the combustion process 1300 kJ/kg of 
energy is released as the fuel burns. Find the temperature and pressure after 
combustion using cold air properties. 

Solution: 




Compression. Isentropic so we use Eqs.6.24-6.25 

P 2 = PjOj/v^ = 95 kPa (8) 14 = 1746 kPa 

T 2 = TjCvj/v^" 1 = 300 K (8) 0 ' 4 = 689.2 K 

Combustion 2 to 3: 

T 3 = T 2 + q H /C v = 689.2 + 1300/0.717 = 2502.3 kJ/kg 

T 3 = 2502 K 

2502 

P 3 = p^ x (T 3 /T 2 ) = 1746 x = 6338 kPa 
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10.72 

A gasoline engine has a volumetric compression ratio of 8 and before 
compression has air at 280 K, 85 kPa. The combustion generates a peak pressure 
of 5500 kPa. Find the peak temperature, the energy added by the combustion 
process and the exhaust temperature. 

Solution: 

Solve the problem with cold air properties. 

Compression. Isentropic so we use Eqs.6.24-6.25 

P 2 = P^/v^ = 85 kPa (8) 1 ' 4 = 1562 kPa 

T 2 = T 1 (v 1 /v 2 ) k ' 1 = 280 K (8) 0 ' 4 = 643.3 K 
Combustion. Constant volume 

T 3 = T 2 (P 3 /P 2 ) = 643.3 K x 5500/1562 = 2265 K 

Oh = u 3 ' u 2 ~ C v (T 3 - T 2 ) 

= 0.717 kJ/kg-K (2265 - 643.3) K = 1163 kj/kg 
Exhaust. Isentropic expansion so from Eq.6.24 

T 4 = T 3 /8 0 ' 4 = 2265 K /2.2974 = 986 K 
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10.73 


To approximate an actual spark-ignition engine consider an air-standard Otto 
cycle that has a heat addition of 1800 kJ/kg of air, a compression ratio of 7, and a 
pressure and temperature at the beginning of the compression process of 90 kPa, 
10°C. Assuming constant specific heat, with the value from Table A. 5, determine 
the maximum pressure and temperature of the cycle, the thermal efficiency of the 
cycle and the mean effective pressure. 

Solution: 



Compression: Reversible and adiabatic so constant s from Eq. 6. 24-25 
p 2 = P 1 (v 1 /v 2 ) k = 90 kPa (7) 1 ' 4 = 1372 kPa 

T 2 = TjCvj/v^' 1 = 283.2 K x (7) 04 = 616.6 K 

Combustion: constant volume 

T 3 = T 2 + q H /C V0 = 616.6 + 1800/0.717 = 3127 K 

p 3 = P 2 T 3 /T 2 = 1372 kPa x 3127 / 616.6 = 6958 kPa 
Efficiency and net work 

q TH = 1 - T,/T 2 = 1 - 283.2/616.5 = 0.541 

w ne t = Oth x 9 h = 0.541 x 1800 = 973.8 kJ/kg 
Displacement and P me ff 

vj = RTj/Pj = (0.287 kJ/kg-K x 283.2 K)/90 kPa = 0.9029 m 3 /kg 
v 2 = (1/7) Vl =0.1290 m 3 /kg 


w net 973.8 

p rneff= Vl _v 2 = 0.9029 -0.129 


= 1258 kPa 
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10.74 

A 3.3 L minivan engine runs at 2000 RPM with a compression ratio of 10:1. The 
intake is at 50 kPa, 280 K and after expansion it is at 750 K. Find the highest T in 
the cycle, the specific heat transfer added by combustion and the mean effective 
pressure. 



Compression: Reversible and adiabatic so constant s from Eq. 6. 24-25 

T 2 = TjCvj/v^' 1 = 280 x (10)°- 4 = 703.3 K 
Expansion: isentropic, T 3 is the highest T and T 4 was given 

T 3 = T 4 CR k 1 = 750 K x 10°- 4 = 1883.9 K 
q H = u 3 - u 2 = C vo (T 3 - T 2 ) = 0.717 (1883.9 - 703.3) = 846.5 kj/kg 
Efficiency and net work 

q TH = 1 - Tj/Tj = 1 - 280/703.3 = 0.602 

w ne t = Pth x 9 h = 0.602 x 846.5 = 509.6 kJ/kg 
Displacement and P me ff 

vj = RTj/Pj = (0.287 kJ/kg-K x 280 K)/50 kPa = 1.6072 m 3 /kg 

v 2 = (1/10) vj =0.16072 m 3 /kg 

_ w net _ 509.6 

p meff = v r v 2 = 1.6072 - 0.16072 = 352,3 kPa 
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10.75 

A gasoline engine takes air in at 290 K, 90 kPa and then compresses it. The 
combustion adds 1000 kJ/kg to the air after which the temperature is 2050 K. Use 
cold air properties (i.e. constant heat capacities at 300 K) and find the 
compression ratio, the compression specific work and the highest pressure in the 
cycle. 

Solution: 

Standard Otto Cycle 

Combustion process: T 3 = 2050 K; u 2 = u 3 - q H 

T 2 = T 3 - q H / C vo = 2050 - 1000 / 0.717 = 655.3 K 
Compression process 

P 2 = Pj(T 2 / = 90(655.3/290) 3 5 = 1561 kPa 

CR = vj / v 2 = (T 2 / Tj) 170 ^ = (655.3 / 290) 2 5 = 7.67 
-jw 2 = u 2 - Uj = C vo ( T 2 - Tj) = 0.717 kJ/kg-K (655.3 - 290) K= 262 kJ/kg 
Highest pressure is after the combustion where v 3 = v 2 so we get 
P 3 = P 2 T 3 / T 2 = 1561 kPa x 2050 / 655.3 = 4883 kPa 
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10.76 

Answer the same three questions for the previous problem, but use variable heat 
capacities (use table A. 7). 

A gasoline engine takes air in at 290 K, 90 kPa and then compresses it. The 
combustion adds 1000 kJ/kg to the air after which the temperature is 2050 K. Use 
the cold air properties (i.e. constant heat capacities at 300 K) and find the 
compression ratio, the compression specific work and the highest pressure in the 
cycle. 

Solution: 

Standard Otto cycle, solve using Table A.7.1 
Combustion process: T 3 = 2050 K ; u 3 = 1725.7 kJ/kg 

u 2 = u 3 - q H = 1725.7 - 1000 = 725.7 kJ/kg 

=> T 2 = 960.5 K ; Sj 2 = 8.0889 kJ/kg K 
Compression 1 to 2: s 2 = Sj => From Eq. 6. 19 

0 = s T2 - s T1 - Rln(P 2 /P 1 ) = 

S T2 ' S T1 ' Rln(T 2 v 1 /T 1 v 2 ) 

= 8.0889 - 6.8352 - 0.287 ln(960.5/290) - 0.287 ln( Vl /v 2 ) 

Solving => v 1 / v 2 = 23.78 

Comment: This is much too high for an actual Otto cycle. 

-|W 2 = u 2 - Uj = 725.7 - 207.2 = 518.5 kJ/kg 

Highest pressure is after combustion where v 3 = v 2 so we get 
P 3 = P 2 T 3 / T 2 = Pj(T 3 / T 1 )(v 1 / v 3 ) 

= 90 x (2050 / 290) x 23.78 = 15 129 kPa 
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10.77 

Redo the previous problem but assume the combustion adds 1225 kJ/kg. 

Standard Otto cycle, solve using Table A.7.1 
Combustion process: T 3 = 2050 K ; u 3 = 1725.7 kJ/kg 

u 2 = u 3 - Oh = 1725.7 - 1225 = 500.7 kJ/kg 

=> T 2 = 684.8 K; s^ 2 = 7.71647 kJ/kg K 
Compression 1 to 2: s 2 = Sj =^> From Eq.6.19 

0 ~ S T2 " S T1 " R ln(P 2 /Pi) = S T2 " S T1 " R ln(T 2 v 1 /T 1 v 2 ) 

= 7.71647 - 6.83521 - 0.287 ln(684.8/290) - 0.287 ln( Vl /v 2 ) 
Solving => v 1 /v 2 = 9.13 
-] w 2 = u 2 - Uj = 500.7 - 207.2 = 293.5 kJ/kg 
Highest pressure is after combustion where v 3 = v 2 so we get 
P 3 = P 2 T 3 /T 2 = P 1 (T 3 /T 1 )(v 1 /v 3 ) 

= 90 x (2050 / 290) x 9. 13 = 5 809 kPa 
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10.78 


A four stroke gasoline engine has a compression ratio of 10: 1 with 4 cylinders of 
total displacement 2.3 L. the inlet state is 280 K, 70 kPa and the engine is running 
at 2100 RPM with the fuel adding 1400 kJ/kg in the combustion process. What is 
the net work in the cycle and how much power is produced? 

Solution: 

Overall cycle efficiency is from Eq.10.12, r v = V|/v 2 = 10 

r, TH = 1 - r*' k = 1 - 10' 0 ' 4 = 0.602 
w net = Bth x Oh = 0.602 x 1400 = 842.8 kJ/kg 
We also need specific volume to evaluate Eqs.10.9 to 10.11 

Vi = RT : / P : = 0.287 x 280 / 70 = 1.148 m 3 /kg 


w 


net 


w 


net 


842.8 


meff v l~ v 2 Vl (l-— ) 1-148x0.9 


V 


Now we can find the power from Eq. 10. 1 1 


W = P_ ff Vm 


RPM 1 


meff^displ gQ 2 ~ ^1^-^ x 0.0023 x 


2100 

60 


x 


815.7 kPa 


\ = 32.8 kW 
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10.79 


A gasoline engine has a volumetric compression ratio of 10 and before 
compression has air at 290 K, 85 kPa in the cylinder. The combustion peak 
pressure is 6000 kPa. Assume cold air properties. What is the highest temperature 
in the cycle? Find the temperature at the beginning of the exhaust (heat rejection) 
and the overall cycle efficiency. 

Solution: 

Compression. Isentropic so we use Eqs.6.24-25 

P 2 = P 1 (v 1 /v 2 ) k = 85 kPa (10) L4 = 2135.1 kPa 

T 2 = T l (vi/v 2 ) k "' = 290 K (10) 0 ' 4 = 728.45 K 
Combustion. Constant volume 

T 3 = T 2 (P 3 /P 2 ) = 728.45 K x 6000/2135.1 = 2047 K 
Exhaust is after the isentropic expansion so from Eq.6.24 

T 4 = T 3 / (vj/v^' 1 = T 3 / 10°- 4 = 2047 / 2.5119 = 814.9 K 

Overall cycle efficiency is from Eq.10.12 r v = Vj/v 2 

r) = 1 - rj' k = 1 - 10'°' 4 = 0.602 

Comment: No actual gasoline engine has an efficiency that high, maybe 35%. 
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10.80 

Repeat Problem 10.73, but assume variable specific heat. The ideal gas air tables, 
Table A.7, are recommended for this calculation (or the specific heat from Fig. 
3.26 at high temperature). 

Solution: 

Table A.7: Tj = 283.2 K, Uj = 202.3 kJ/kg, s^ = 6.8113 kJ/kg K 

Compression 1 to 2: s 2 = Sj =^> From Eq.6.19 

0 ~ S T2 " S T1 " R ln(P 2 /Pi) = S T2 " S T1 " R ln(T 2 v,/T,v 2 ) 

Sj 2 - R ln(T 2 /T 1 ) = s^ + R ln(vj/v 2 ) = 6.8113 + 0.287 in 7 = 7.3698 

This becomes trial and error so estimate first at 600 K and use A.7.1. 

LHS 600 = 7.5764 - 0.287 ln(600/283.2) = 7.3609 (too low) 

LHS 620 = 7.6109 - 0.287 ln(620/283.2) = 7.3860 (too high) 

Interpolate to get: T 2 = 607.1 K, u 2 = 440.5 kJ/kg 

=> - 1 w 2 = u 2 - Uj = 238.2 kJ/kg, 

u 3 = 440.5 + 1800 = 2240.5 => T 3 = 2575.8 K , Sj 3 = 9.2859 kJ/kgK 
P 3 = P, ( Vl /y 3 ) T 3 /T ! = 90 kPa x 7 x 2575.8 / 283.2 = 5730 kPa 
Expansion 3 to 4: s 4 = s 3 =5> From Eq.6.19 as before 

s ^4 - R ln(T 4 /T 3 ) = s j 3 + R ln(v 3 /v 4 ) = 9.2859 + 0.287 ln(l/7) = 8.7274 

This becomes trial and error so estimate first at 1400 K and use A.7.1. 

LHS 140 o = 8.5289 - 0.287 ln( 1400/2575. 8) = 8.7039 (too low) 

LHS 1450 = 8.5711 - 0.287 ln(1450/2575.8) = 8.7360 (too high) 
Interpolation => T 4 = 1436.6 K, u 4 = 1146.9 kJ/kg 
3 w 4 = u 3 - u 4 = 2240.5 - 1146.9 = 1093.6 kJ/kg 

Net work, efficiency and mep 

w net = 3 w 4 + t w 2 = 1093.6 - 238.2 = 855.4 kJ/kg 

q TH = w net / q H = 855.4 / 1800 = 0.475 

RTi 0.287 x283.2 3 v, 

v 1 = -jT - = = 0.9029 m 3 /kg; v 2 = ^ = 0.1290 m 3 /kg 

w net 

P me ff = = 855.4 / (0.9029 - 0. 129) = 1105 kPa 

1 2 

Comment: Iterations are avoided by the use of the v r function in A. 7. 2 
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10.81 

Assume a state of 5000 kPa, 2100 K after combustion in an Otto cycle with a 
compression ratio of 10: 1; the intake temperature is 300 K. Find the missing 
temperatures in the cycle using Table A. 7 and then give the average value of k 
(ratio of specific heats) for the compression and expansion processes. 


Compression 1 to 2: 82 = 8 ! => From Eq. 6. 19 


0 - S T2 ' S T1 ' R ln^/Pj) = 

S T2 ' S T1 ' Rln(T 2 Vi/T 1 v 2 ) 

Sj 2 - R ln(T 2 /Tj) = Sj 1 +R ln(v,/v 2 ) = 6.86926 + 0.287 In 10 = 7.5301 

This becomes trial and error so estimate first at 600 K and use A.7.1. 

LHS 700 = 7.7401 - 0.287 ln(700/300) = 7.49692 (too low) 

LHS 740 = 7.80008 - 0.287 ln(740/300) = 7.54096 (too high) 

Interpolate to get: T 2 = 730.1 K, u 2 = 536.5 kJ/kg 

Expansion 3 to 4: s 4 = s 3 => From Eq. 6. 19 as before 

s 74 - R ln(T 4 /T 3 ) = s ^ 3 + R ln(v 3 /v 4 ) = 9.02721 - 0.287 In 10 = 8.36637 
This becomes trial and error so estimate first at 1400 K and use A.7.1. 


LHS 1100 = 8.24449 - 0.287 ln(l 100/2100) = 8.43007 (too high) 
LHS 1050 = 8.19081 - 0.287 ln(1050/2100) = 8.389743 (still too high) 
LHS 10 oo = 8.13493 - 0.287 ln(1000/2100) = 8.347866 (too low) 


Interpolation => T 4 = 1022.1 K, u 4 = 778.15 kJ/kg 
Compression process 

u 2 -u, 536.5-214.36 

C v = = 73Q 1 _ 30Q = 0.749; k = (C v + R)/C v = 1.38 

^ _ 

Expansion process 


u 3 - u 4 
r =— 

v t 3 - t 4 


1774.06-778.15 
2100 - 1022.1 


0.9239; k = (C v + R)/C v = 1.31 
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10.82 

An Otto cycle has the lowest T as 290 K and the lowest P is 150 kPa, the highest 
T is 2400 K and combustion adds 1200 kJ/kg as heat transfer. Find the 
compression ratio and the mean effective pressure. 

Solution: 

Identify states: Tj = 290 K, P : = 150 kPa, T 3 = 2400 K, q H = 1200 kJ/kg 


Combustion: q H = u 3 - u 2 = C V0 (T 3 - T 2 ) = 1200 kJ/kg 

T 2 = T 3 - q H / C vo = 2400 - 1200/0.717 = 726.36 K 

726.364 2 - 5 


Compression: CR = r v = v,/v 2 = (T/Tj) 1 ^' 15 = 




290 


= 9.93 


J 


Overall cycle efficiency is from Eq.10.12, r v = v,/v 2 = 9.93 


r, TH = 1 - r^' k = 1 - Tj/T 2 = 1 - 290/726.36 = 0.601 
w ne t = tIth x Oh = 0.601 x 1200 = 721.2 kJ/kg 


We also need specific volume to evaluate Eqs.10.9 to 10.11 

vj = RT : / P : = 0.287 x 290 / 150 = 0.55487 m 3 /kg 

v 2 = vj/CR = 0.05588 m 3 /kg 


w net 721.2 kJ/kg 

P rr~ — ^ — 1 AAZ k Pil 

Oneff Vl _ V2 0.55487 - 0.05588 m 3 /kg 
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10.83 

The cycle in the previous problem is used in a 2.4 L engine running 1800 RPM. 
How much power does it produce? 

Identify states: T, = 290 K, P : = 85 kPa, T 3 = 2400 K, q H = 1200 kJ/kg 
Combustion: q H = u 3 - u 2 = C V0 (T 3 - T 2 ) = 1200 kJ/kg 

T 2 = T 3 - 9h / C vo = 2400 - 1200/0.717 = 726.36 K 

Compression: CR = r v = v,/v 2 = (T 2 /T|) l/(k “ l) = ^ 290 ^ = 9-93 

Overall cycle efficiency is from Eq.10.12, r v = v,/v 2 = 9.93 

q TH = 1 - r\' k = 1 - T x IT 2 = 1 - 290/726.36 = 0.601 
w ne t = Pth x Oh = 0.601 x 1200 = 721.2 kJ/kg 
We also need specific volume to evaluate Eqs.10.9 to 10.11 

vj = RT : / Pj = 0.287 x 290 / 150 = 0.55487 m 3 /kg 

v 2 = vj/CR = 0.05588 m 3 /kg 

w net _ 721.2 kJ/kg _ 

p rneff - Vl _ v 2 - 0.55487 - 0.05588 m 3/ kg “ 1445 kPa 

Now we can find the power from Eq. 10. 1 1 

RPM 1 1800 1 

W = P meff V displ 2 = 1445 X °- 0024 X “60“ x 2 = 52 kW 
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10.84 


When methanol produced from coal is considered as an alternative fuel to 
gasoline for automotive engines, it is recognized that the engine can be designed 
with a higher compression ratio, say 10 instead of 7, but that the energy release 
with combustion for a stoichiometric mixture with air is slightly smaller, about 
1700 kJ/kg. Repeat Problem 10.73 using these values. 

Solution: 



Compression: Reversible and adiabatic so constant s from Eq. 6. 24-25 
P 2 = P^Vj/v^ = 90 kPa (10) 1 4 = 2260.7 kPa 

T 2 = T 1 (v 1 /v 2 ) k ' 1 = 283.15 K(10) 04 = 711.2 K 
Combustion: constant volume 

T 3 = T 2 + q H / C vo = 711.2 + 1700 / 0.717 = 3082 K 
P 3 = P 2 (T 3 / T 2 ) = 2260.7 kPa x3082 / 711.2 = 9797 kPa 
Efficiency, net work, displacement and P me ff 

r lTH = 1 -Tj/T 2 = 1 - 283.15/711.2 = 0.602 

w net = Pth x Oh = 0-6 x 1700 = 1023.4 kJ/kg 

v, = RTj/Pj = 0.287 kJ/kg-K x 283.15 K/90 kPa = 0.9029 m 3 /kg, 

v 2 = Vj/10 = 0.0903 m 3 /kg 

p meff = y W " £ y = 1023.4 / (0.9029 - 0.0903) = 1255 kPa 
1 7 
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10.85 


It is found experimentally that the power stroke expansion in an internal 
combustion engine can be approximated with a polytropic process with a value of 
the polytropic exponent n somewhat larger than the specific heat ratio k. Repeat 
Problem 10.73 but assume that the expansion process is reversible and polytropic 
(instead of the isentropic expansion in the Otto cycle) with n equal to 1.50. From 
the average temperature during expansion estimate the actual average k. 

See solution to 10.73 except for process 3 to 4. 

T 3 = 3127K, P 3 = 6.958 MPa 

v 3 = RT 3 /P 3 = v ? = 0.129 m 3 /kg, v 4 = = 0.9029 m 3 /kg 

Process: Pv 1 ' 5 = constant. 

P 4 = P 3 (v 3 /v 4 ) l5 = 6958 (1/7) 1 5 = 375.7 kPa 

T 4 = T 3 (v 3 /v 4 ) 0 - 5 = 3127(l/7)°- 5 = 1181.9 K 


1 



/ Pdv = - Tj) = ^§^(606.6 -283.15) = -239.3 kJ/kg 


3 w 4 = /Pdv = R(T 4 -T 3 )/(l-1.5) 

= -0.287(1181.9 - 3127)/0.5 = 1116.5 kJ/kg 
w NET = 1 1 16.5 - 239.3 = 877.2 kJ/kg 

'"•cycle = w NE At = 877.2/1800 = 0.487 


Pmeff 


w net 

Vi-V 2 


= 877.2/(0.9029 - 0.129) = 1133 kPa 


Note a smaller w NEr r| CYC[ F - P m eff compared to an ideal cycle. 

The T changes from 3 to 4 (3127 K to 1181.9 K) average is about 2150 K. 


_ ^2200 ~ It 100 
Lpo_ 2200 -2100 

k = C P0 /( C P0 - R) 


2502.63 - 2376.82 1 ^ niT;i 
2200 - 2100 - L258 kJ/kg-K 

1.258/(1.258 -0.287) = 1.296 
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10.86 


In the Otto cycle all the heat transfer occurs at constant volume. It is more 
realistic to assume that part of q n occurs after the piston has started its downward 

motion in the expansion stroke. Therefore, consider a cycle identical to the Otto 
cycle, except that the first two-thirds of the total g H occurs at constant volume and 

the last one-third occurs at constant pressure. Assume that the total g H is 2100 

kJ/kg, that the state at the beginning of the compression process is 90 kPa, 20°C, 
and that the compression ratio is 9. Calculate the maximum pressure and 
temperature and the thermal efficiency of this cycle. Compare the results with 
those of a conventional Otto cycle having the same given variables. 




Pj = 90kPa,T | =20°C 


q 23 = (2/3) x 2100 

= 1400 kJ/kg; 
q 34 = 2100/3 = 700 kJ/kg 


Constant s compression, Eqs.6.24-25 

P 2 = P,( V| /v 2 ) k = 90 kPa (9) 1 ' 4 = 1951 kPa 

T 9 = T | (v | /v 2 ) k_l = 293.15 K (9) 0 4 = 706 K 
Constant v combustion 

T 3 = T 1 + q 93 /C yo = 706 + 1400/0.717 = 2660 K 
P 3 = P 2 T 3 /T 2 = 1951 kPa (2660/706) = 7350.8 kPa = P 4 
Constant P combustion 


T a = T, + q 34 /C po = 2660 + 700/1.004 = 3357 K 


v, v 


Remaining expansion: 


i P 4 T i 7350.8 293.15 


k k-l 


v “v “P x T “ 
4 4 1 4 

0.4 


90 


X 


3357 


= 7.131 


T< = T 4 (v 4 /v 5 r = 3357 K (1/7.131)"* = 1530 K 


q L = (T -Tj) = 0.717 kJ/kg-K (1530 - 293.15) K = 886.2 kJ/kg 


r, TH = 1 - q L /q H = 1 - 886.2/2100 = 0.578 
Std. Otto Cycle: q TH = 1 - (9)' 0 ' 4 = 0.585, small difference 
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10.87 

A gasoline engine has a volumetric compression ratio of 9. The state before 
compression is 290 K, 90 kPa, and the peak cycle temperature is 1800 K. Find the 
pressure after expansion, the cycle net work and the cycle efficiency using 
properties from Table A. 7. 2. 

Compression 1 to 2: s 7 = => v r? = v rl (v 9 /v 1 ) 

v r2 = 196.37/9 = 21.819 => T, = 680K, P f2 = 20.784, u 2 = 496.94 
P 2 = PjlP^/P^) = 90 kPa (20.784 / 0.995) = 1880 kPa 
jW 2 = Uj - u 2 = 207.19 - 496.94 = -289.75 kJ/kg 
Combustion 2 to 3: 

q H = u 3 - u 2 = 1486.33 - 496.94 = 989.39 kJ/kg 
P 3 = P 2 (T 3 /T 2 ) = 1880 kPa (1800 / 680) = 4976 kPa 
Expansion 3 to 4: 

s = s. =^> v, = v, x 9 = 1.143 x 9 = 10.278 

4 3 r4 r3 

=> T 4 = 889 K, P r4 = 57.773, u 4 = 665.8 kJ/kg 
p 4 = p 3 ( p r 4 /p r 3 ) = 4976 kPa (57.773 / 1051) = 273.5 kPa 
3 w 4 = u 3 - u 4 = 1486.33 - 665.8 = 820.5 kJ/kg 
w NET = 3 w 4 + = 820.5 - 289.75 = 530.8 kJ/kg 

r| = w NET /q H = 530.8/989.39 = 0.536 
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10.88 

Solve Problem 10.76 using the P r and v r functions from Table A7.2 

A gasoline engine takes air in at 290 K, 90 kPa and then compresses it. The 
combustion adds 1000 kJ/kg to the air after which the temperature is 2050 K. Use 
the cold air properties (i.e. constant heat capacities at 300 K) and find the 
compression ratio, the compression specific work and the highest pressure in the 
cycle. 

Solution: 

Standard Otto cycle, solve using Table A.7.1 and Table A. 7. 2 
Combustion process: T 3 = 2050 K ; u 3 = 1725.7 kJ/kg 

u 2 = u 3 - q H = 1725.7 - 1000 = 725.7 kJ/kg 
=> T 2 = 960.5 K; v r2 = 8.2166 
Compression 1 to 2: 82 = 8! => From the v r function 

195.36 

V1/V2 = v r i/v r2 = 8 2166 = 23 - 78 

Comment: This is much too high for an actual Otto cycle. 

-jW 2 = u 2 - u | = 725.7 - 207.2 = 518.5 kJ/kg 

Highest pressure is after combustion 

P 3 = P 2 T 3 /T 2 = P 1 (T 3 /T 1 )(v 1 /v 3 ) 

= 90 kPa x (2050 / 290) x 23.78 = 15 129 kPa 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Diesel Cycles 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


10.89 

A diesel engine has an inlet at 95 kPa, 300 K and a compression ratio of 20: 1 . The 
combustion releases 1300 kJ/kg. Find the temperature after combustion using cold 
air properties. 


Solution: 

Compression process (isentropic) from Eqs.6.24-25 

T 2 = Tjtvj / v 2 ) k4 = 300 x 20°' 4 = 994.3 K 

Combustion at constant P which is the maximum pressure 
2 w 3 = P (v 3 - v 2 ) 

293 = u 3 - u 2 + 2 w 3 = h 3 - h 2 = C po (T 3 - T 2 ) 

T 3 = T 2 + 2 q 3 / C po = 994.3 + 1300 /1.004 = 2289 K 
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A diesel engine has a state before compression of 95 kPa, 290 K, and a peak 
pressure of 6000 kPa, a maximum temperature of 2400 K. Find the volumetric 
compression ratio and the thermal efficiency. 

Solution: 


Standard Diesel cycle and we will use cold air properties. 
Compression process (isentropic) from Eqs. 6. 24-25: 

(P 2 /P 1 ) = (v 1 /v 2 ) k = CR 1 ' 4 

1/k 1/14 

CR = v,/v 2 = (P 2 /P!) = (6000/95) = 19.32 

T 2 = T 1 (P 2 /P 1 ) k ' 1/k = 290 x (6000/95) 0 2857 = 947.9 K 
Combustion and expansion volumes 

v 3 = v 2 x T 3 /T 2 = V, T 3 /(T 2 x CR) ; v 4 = 


Expansion process, isentropic from Eq.6.23 

T 4 = T 3 (v 3 /v 4 ) k " ' = T 3 [T 3 / (CR x T 2 )] k 1 


= 2400 K x [ 2400/(19.32 x 947.9) ]°' 4 
Efficiency from Eq.10.13 

1 1064.6-290 
1.4 2400-947.9 


-t Ililli-i 

T| 1 1 rr-i rr-' 1 


kTa - T 


2 


= 1064.6 K 


= 0.619 
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10.91 

Find the cycle efficiency and mean effective pressure for the cycle in Problem 
10.89 


Solution: 

Compression process (isentropic) from Eqs.6.24-25 
T 2 = TjOj / v 2 ) k4 = 300 x 20°' 4 = 994.3 K 
Combustion at constant P which is the maximum pressure 
2 w 3 = P (v 3 - v 2 ) 

293 = u 3 - u 2 + 2 w 3 = h 3 - h 2 = C po (T 3 - T 2 ) 

T 3 = T 2 + 2 q 3 / C po = 994.3 + 1300 /1.004 = 2289 K 

Combustion and expansion volumes 

v 3 = v 2 x T 3 /T 2 = Vj T 3 /(T 2 x CR) ; v 4 = v 1 
Expansion process, isentropic from Eq.6.23 

T 4 = T 3 (v 3 /v 4 ) k " ' = T 3 [T 3 / (CR x T 2 )] k l 

= 2289 x [ 2289/(20 x 994.3) ]°' 4 = 964 K 
Efficiency from Eq.10.13 

1 T 4-Ti _ 1 964 - 300 

11-1 k T 3 - T 2 “ 1 1.4 2289 - 994.3 “ 0,634 

w net = r\ q H = 0.634 x 1300 = 824.2 kJ/kg 
Vj = RT 1 /P 1 = 0.9063 m 3 /kg 


meff 


w net 

v max — v min 


W 


net 


824.2 


vj - vj/CR 
kJ/kg 


0.9063(1- 1/20) m 3 /kg 


957 kPa 
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10.92 

The cut off ratio is the ratio of V 3 /V 2 , see Fig. 10.18, which is the expansion while 

combustion occurs at constant pressure. Determine this ratio for the cycle in 
Problem 10.89. 

Solution: 

Compression process (isentropic) from Eqs.6.24-25 
T 2 = TjOj / v 2 ) k4 = 300 x 20 °' 4 = 994.3 K 
Combustion at constant P 2 = P 3 which is the maximum pressure 
2 w 3 = P (v 3 - v 2 ) 

293 = u 3 - u 2 + 2 w 3 = h 3 - h 2 = C po (T 3 - T 2 ) 

T 3 = T 2 + 2 q 3 / C po = 994.3 + 1300 /1.004 = 2289 K 
Cut-off ratio: v 3 / v 2 = T 3 /T 2 = 2289 / 994.3 = 2.302 
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10.93 

A diesel engine has a compression ratio of 20: 1 with an inlet of 95 kPa, 290 K, 
state 1, with volume 0.5 L. The maximum cycle temperature is 1800 K. Find the 
maximum pressure, the net specific work, the cut off ratio, see problem 10.92, and 
the thermal efficiency. 

Solution: 

Compression process (isentropic) from Eqs. 6.24-25 
T 2 = Tj( Vl / v 2 ) k - ! = 290 x 20°' 4 = 961 K 

P 2 = 95 x (20) L4 = 6297.5 kPa; 

v 2 = vj/20 = RTj/^O P0 = 0.043805 m 3 /kg 

- lW2 = u 2 - uj « C vo ( T 2 - Tj) = 0.717 (961 - 290) = 481.1 kJ/kg 

Combustion at constant P which is the maximum pressure 

P 3 = P 2 = 6298 kPa ; 

v 3 = v 2 T 3 /T 2 = 0.043805 x 1800/961 = 0.08205 m 3 /kg 
Cut-off ratio: v 3 / v 2 = T 3 /T 2 = 1800 / 961 = 1.873 

2 w 3 = P (v 3 - v 2 ) = 6298 x (0.08215 - 0.043805) = 241.5 kJ/kg 
293 = u 3 - u 2 + 2 w 3 = h 3 - h 2 = C po (T 3 - T 2 ) 

= 1.004(1800 - 961) = 842.4 kJ/kg 
Expansion process (isentropic) from Eq.6.24 

T 4 = T 3 ( v 3 / v 4 ) a4 = 1800 (0.08205 / 0.8761) 0 4 = 698 K 
3 w 4 = u 3 - u 4 « C vo (T 3 - T 4 ) = 0.717 (1800 - 698) = 790.1 kJ/kg 
Cycle net work and efficiency 

w net = 2 w 3 + 3 W 4 + i w 2 = 241.5 + 790.1 - 481.1 = 550.5 kJ/kg 
p = w net / q H = 550.5/ 842.4 = 0.653 
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10.94 

A diesel engine has a bore of 0. 1 m, a stroke of 0. 1 1 m and a compression ratio of 
19:1 running at 2000 RPM (revolutions per minute). Each cycle takes two 
revolutions and has a mean effective pressure of 1400 kPa. With a total of 6 
cylinders find the engine power in kW and horsepower, hp. 

Solution: 

Work from mean effective pressure, Eq.10.9. 

w net D ( 

‘me ft — v — v • — > w net — ' inell ( v max ' v min) 

v max v min 

The displacement is 

AV = TtBore" x 0.25 x S = n x 0.1 2 x 0.25 x 0.11 = 0.000864 m 3 
Work per cylinder per power stroke, Eq. 10. 10 

w = p meff( v max ' V min) = 1400 x 0.000864 kPa m 3 = 1.2096 kJ/cycle 

Only every second revolution has a power stroke so we can find the power, see 
also Eq.10.11 

W = Wx N cy i x RPM x 0.5 (cycles / min)x(min / 60 s)x(kJ / cycle) 

= 1.2096 x 6 x 2000 x 0.5 x (1/60) = 121 kW = 162 hp 

The conversion factor from kW to hp is from Table A.l under power. 
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A super charger is used for a two stroke 10 L diesel engine so intake is 200 kPa, 
320 K and the cycle has compression ratio of 18: 1 and mean effective pressure of 
830 kPa. The engine is 10 L running at 200 RPM find the power output. 

Solution: 

The power is from Eq. 10. 1 1 

W = m w ne t x N cy j x RPM x 1/60 

= m P meff ( V 1 - v 2) x N cyl x RPM/60 = P meff V displ RPM/60 

= 830 kPa x 0.010 m 3 x 200 (rev/min) / 60 (s/min) = 27.7 kW 
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10.96 

A diesel engine has a state before compression of 95 kPa, 290 K, and a peak 
pressure of 6000 kPa, a maximum temperature of 2400 K. Use the air tables to 
find the volumetric compression ratio and the thermal efficiency. 

Solution: 

Compression: S 2 = Sj => from Eq. 6. 19 

s ° 2 = s^! + R ln(P 2 / Pi) = 6.8352 + 0.287 ln(6000/95) = 8.025 kJ/kg K 
A.7.1 => T 2 = 907.6 K; h 2 = 941.16 kJ/kg; 

h 3 = 2755.8 kJ/kg; s £ 3 = 9.19586 kJ/kg K 
q H = h 3 - h 2 = 2755.8 - 941.16 = 1814.2 kJ/kg 
CR = v 1 /v 2 = (Tj/T^CP^Pj) = (290/907.6) x (6000/ 95) = 20.18 
Expansion process 

s ^4 = s j 3 + R ln(P 4 / P 3 ) = s ^ 3 + R ln(T 4 / T 3 ) + R ln(v 3 /v 4 ) 
v 3 /v 4 = v 3 /v 1= (vVvi) X (T 3 /T 2 ) = (T 3 /T 2 ) (1/CR) 

= (2400/907.6) (1/20.18) = 0.13104 

s ^ 4 - R ln(T 4 / T 3 ) = Sj 3 + R ln(v 3 /v 4 ) = 9.1958 + 0.287 In 0.13104 = 8.61254 

Trial and error on T 4 since it appears both in s ^ 4 and the In function 

T 4 = 1300 K LHS = 8.4405 - 0.287 In (1300/2400) = 8.616 

T 4 = 1250 K LHS = 8.3940 - 0.287 In (1250/2400) = 8.5812 

Now Linear interpolation T 4 = 1295 K, U 4 = 1018.26 kJ/kg 
q L = u 4 -u 1 = 1018.26 -207.19 = 81 1.08 kJ/kg 
r, = 1 - (q L / q H ) = 1 — (811.08/1814.2) = 0.553 
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10.97 

At the beginning of compression in a diesel cycle T = 300 K , P = 200 kPa and 
after combustion (heat addition) is complete T = 1500 K and P = 7.0 MPa. Find 
the compression ratio, the thermal efficiency and the mean effective pressure. 

Solution: 

Standard Diesel cycle. See P-v and T-s diagrams for state numbers. 

Compression process (isentropic) from Eqs. 6. 24-8. 25 

P 2 = P 3 = 7000 kPa => vj / v 2 = (P^Pj) 17 k = (7000 / 200)°' 7143 = 12.67 

T 2 = T 1 (P 2 / P|) (k_l) / k = 300 K (7000 / 200) °- 2857 = 828.4 K 
Expansion process (isentropic) first get the volume ratios 
v 3 /v 2 = T 3 /T 2 = 1500/828.4= 1.81 
v 4 / v 3 = Vj / v 3 = (v 1 / v 2 )( v 2 / v 3 ) = 12.67 / 1.81 = 7 
The exhaust temperature follows from Eq.6.24 

T 4 = T 3 (v 3 / v 4 ) k4 = 1500 K (1 / 7) 0 4 = 688.7 K 
q L = C vo (T 4 - Tj) = 0.717 kJ/kg-K (688.7 - 300) K = 278.5 kJ/kg 
q H = h 3 - h 2 « C po (T 3 - T 2 ) = 1.004 kJ/kg-K (1500 - 828.4) K = 674 kJ/kg 
Overall performance 

T| = 1 - q L / q H = 1- 278.5 / 674 = 0.587 

w net = Onet = 0 h ' 0l = 674 ' 278 - 5 = 395 - 5 kJ/k g 

V max = Vl = R Tj / Pj = 0.287 kJ/kg-K x300 K/ 200 kPa = 0.4305 m 3 /kg 
v min = v max / ( v i / v 2) = 0.4305 / 12.67 = 0.034 m 3 /kg 



Remark: This is a too low compression ratio for a practical diesel cycle. 
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The worlds largest diesel engine has displacement of 25 m running at 200 RPM 
in a two stroke cycle producing 100 000 hp. Assume an inlet state of 200 kPa, 300 
K and a compression ratio of 20: 1 . What is the mean effective pressure and the 
flow of air to the engine? 

We have 3 parameters for the cycle: T 1? Pj and CR we need one more, so this 
comes from the total rate of work. 


W = m w ne t x N cy j x RPM x 1/60 

= m p meff Ol - v 2) x N cyl x RPM/60 = P meff V displ RPM/60 


Pmefi =W60/V displ RPM = 


100 000 X 0,746 kW X 60 s 
25 m 3 x 200 


= 895 kPa 


With this information we could now get all the cycle states etc. 
Assume the displacement volume is filled with air at state 1, then 

p i v displ 200 kPa x 25 m 3 

m_ RT l “ 0.287 kJ/kg-Kx 300 K _58 ' 07kg 
This is repeated 200 times per minute so the rate is 

m = m x RPM x 1/60 = 58.07 200 / 60 = 193.57 kg/s 



A similar 
engine is in 
this container 
ship shown at 
dock. The 
engine was 
build up inside 
the ship as it is 
too large to put 
in finished. 

The cranes are 
on the port 
dock. 
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10.99 

A diesel engine has air before compression at 280 K, 85 kPa. The highest 
temperature is 2200 K and the highest pressure is 6 MPa. Find the volumetric 
compression ratio and the mean effective pressure using cold air properties at 300 
K. 

Solution: 

Compression (P 2 /Pi) = (v 1 /v 2 ) k = CR k 

1/k 1/14 

CR = v,/v 2 = (P 2 /P!) = (6000/85) = 20.92 

T 2 = Tj/P^Pjf' 1 ^ = 280 x (6000/85) °' 2857 = 944.8 K 

Combustion. Highest temperature is after combustion. 

h 2 = C P (T 3 -T 2 ) = 1.004 kJ/kg-K (2200 - 944.8) K = 1260.2 kJ/kg 

Expansion (v 4 = CR x v 2 and P 2 = P 3 ) 

T 4 = T 3 (v 3 /v 4 ) k_1 = T 3 [v 3 / (CR x v 2 )] k_1 = T 3 [ T 3 / (CR x T 2 ) ] k_1 

= 2200 K x (2200/20.92 x 944.8) °' 4 = 914.2 K 
q L = u 4 - u : = C v ( T 4 - Tj) = 0.717 kJ/kg-K (914.2 - 280) K = 454.7 kJ/kg 

vj = RT l /P l = 0.287 kJ/kg-K x 280 K/85 kPa = 0.9454 m 3 /kg 
Displacement and mep from net work 

vj - v 2 = Vj- Vj/CR = Vj[l - (1/CR)] = 0.9002 m 3 /kg 

p meff = w net/( v i - v 2) = (9 h - 9l)/( Vi - v 2 ) 

= (1260.2 - 454. 7)/0. 9002 = 894.8 kPa 
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10.100 

Consider an ideal air-standard diesel cycle in which the state before the 
compression process is 95 kPa, 290 K, and the compression ratio is 20. Find the 
thermal efficiency for a maximum temperature of 2000 K 

Solution: 

Diesel cycle: P 1= 95kPa, T 1 = 290K, CR = = 20, 

v l = 0.287 kJ/kg-K x 290 K/95 kPa = 0.8761 m 3 /kg = v 4 = CR v 2 . 
Compression process (isentropic) from Eqs.6.24-25 
T 2 = T l (w 1 / v 2 ) k4 = 290 K x 20°' 4 = 961.2 K 

Combustion at constant P which is the maximum pressure 

0.8761 3 2000 3 

v 3 = v 2 T 3 /T 2 = — 20 — x = 0.09115 nr /kg 

Expansion process (isentropic) from Eq.6.24 

T 4 = T 3 ( v 3 / v 4 ) a4 = 2000 K (0.091 15 / 0.8761) 0 4 = 808.9 K 

Cycle net work and efficiency 

V T i 808.9 - 290 

11 TH - 1 ■ k(T 3 - T 2 ) “ 1 ' 1.4 (2000 - 961.2) “ 0,643 
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10.101 

Solve Problem 10.90 using the P r and v r functions from Table A7.2 

A diesel engine has a state before compression of 95 kPa, 290 K, and a peak 
pressure of 6000 kPa, a maximum temperature of 2400 K. Find the volumetric 
compression ratio and the thermal efficiency. 

Solution: 

Compression: S 2 = Sj => From definition of the P r function 
p r2 = P rl (P 2 /Pj) = 0.9899 (6000/95) = 62.52 
A.7.1 => T 2 = 907 K; h 2 = 941.0 kJ/kg; 

h 3 = 2755.8 kJ/kg; v r3 = 0.43338 
q H = h 3 - h 2 = 2755.8 - 941.0 = 1814.8 kJ/kg 
CR = VJ/V 2 = (Ti/T 2 )(P 2 /Pi) = (290/907) x (6000/ 95) = 20.19 
Expansion process 

V r4 = V r3 (v 4 / v 3 ) = v r3 (Vj / v 3 ) = v r3 (Vj / v 2 ) X (T 2 /T 3 ) 

= v r3 CR X (T 2 /T 3 ) = 0.43338 x 20.19 x (907/2400) = 3.30675 
Linear interpolation T 4 = 1294.8 K, u 4 = 1018.1 kJ/kg 
q L = u 4 - u : = 1018.1 - 207.2 = 810.9 kJ/kg 
r, = 1 _ (q L / q H ) = 1 - (810.9/1814.8) = 0.553 
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10.102 

Consider an ideal Stirling-cycle engine in which the state at the beginning of the 
isothermal compression process is 100 kPa, 25°C, the compression ratio is 6, and 
the maximum temperature in the cycle is 1 100°C. Calculate the maximum cycle 
pressure and the thermal efficiency of the cycle with and without regenerators. 



Ideal Stirling cycle 
T 1 = T, = 25 °C 

P 1 = 100 kPa 
CR = Vj/v 2 = 6 
t 3 = t 4 = 1100 °C 


Isothermal compression (heat goes out) 

T l = T 2 => P 2 = P^v/v^ = 100 kPa x 6 = 600 kPa 


jW 0 = : q 2 = -RTj ln^A^) = -0.287x 298.2 ln(6) = -153.3 kJ/kg 

Constant volume heat addition 

V 2 = V 3 => P 3 = P 2 T 3 /T 2 = 600x1373.2/298.2 = 2763 kPa 

q 23 = u 3 - u 2 = C vo (T 3 - T 2 ) = 0.717 (1100 - 25) = 770.8 kJ/kg 
Isothermal expansion (heat comes in) 

w 34 = ^34 = RT 3 ln(v 4 /v 3 ) = 0.287 x 1373.2 x ln6 = 706.1 kJ/kg 

w net = 706.1 - 153.3 = 552.8 kJ/kg 

Efficiency without regenerator, (q 23 and q 34 are coming in from source) 

w net _ 552.8 

] 1no regen “ q 23 + q 34 _ 770.8 + 706. 1 ~~ °‘ 374 ’ 


Efficiency with regenerator, (Now only q 34 is coming in from source) 

w ne t 552.8 




WITH REGEN q 34 706.1 


= 0.783 
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10.103 


An air-standard Stirling cycle uses helium as the working fluid. The isothermal 
compression brings helium from 100 kPa, 37°C to 600 kPa. The expansion takes 
place at 1200 K and there is no regenerator. Find the work and heat transfer in all 
of the 4 processes per kg helium and the thermal cycle efficiency. 

Helium table A.5: R = 2.077 kJ/kg K, C yo = 3.1 156 kJ/kg K 

Compression/expansion: v 4 / v 3 = Vj / v 9 = P,, / Pj = 600 / 100 = 6 

1 -> 2 -jw 2 = -q 12 = | P dv = R T l \n(w l / v 2 ) = RT^n (P, /pp 

= 2.077 kJ/kg-K x 310 K x In 6 = 1153.7 kJ/kg 

2 -> 3 : 2 w 3 = 0; q 23 = C yo (T 3 - T 9 ) = 3.1156(1200 - 310) = 2773 kJ/kg 

v 4 

3 -> 4: 3W4 = q 34 = R T 3 ln~ = 2.077x1200 In 6 = 4465.8 kJ/kg 

4 -> 1 4 wj = 0; q 41 = C yo (T 4 - Tp = -2773 kJ/kg 

l_w 2 + 3 w 4 -1153.7 + 4465.8 
11 cycle ~ q 23 + q 34 “ 2773 +4465.8 “ 0,458 
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10.104 


Consider an ideal air-standard Stirling cycle with an ideal regenerator. The 
minimum pressure and temperature in the cycle are 100 kPa, 25°C, the 
compression ratio is 10, and the maximum temperature in the cycle is 1000°C. 
Analyze each of the four processes in this cycle for work and heat transfer, and 
determine the overall performance of the engine. 

Ideal Stirling cycle diagram as in Fig. 10.19, with 

P 1 = 100 kPa, Tj = T 2 = 25°C, = 10, T 3 = T 4 = 1000°C 

From 1-2 at const T: w 2 = { q 2 = Tj(s 2 - Sj) 

= -RTjlnCVj/v^ = -0.287 x 298.2 x ln(10) = -197.1 kJ/kg 
From 2-3 at const V: 2 w 3 = 0 

q 23 = C vo (T 3 - T 2 ) = 0.717 (1000 - 25) = 699 kJ/kg 
From 3-4 at const T; 3 w 4 = 3 q 4 = T 3 (s 4 - s 3 ) 

V 4 

= +RT x In — = 0.287 x 1237.2 x ln(10) = 841.4 kJ/kg 

v 3 

From 4- 1 at const V; = 0 

q 41 = C V0 (T 1 - T 4 ) = 0.717 (25 - 1000) = -699 kJ/kg 
w NET = -197.1 + 0 + 841.4 + 0 = 644.3 kJ/kg 
Since q 23 is supplied by -q 4J (regenerator) 


% = ( l34 = 841 - 4kJ/k S’ Bth = 


w net 644.3 


841.4 


= 0.766 


NOTE: q H = q M = RT 3 x ln(10), q L = -jq 2 = RT t x ln(10) 

Oh-Ol 


^th q H 

= Camot efficiency 


Error! Bookmark not defined. = 


T - T 

3 1 


T 


975 

1273.2 


= 0.766 
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10.105 

The air-standard Carnot cycle was not shown in the text; show the T-s diagram 
for this cycle. In an air-standard Carnot cycle the low temperature is 320 K and 
the efficiency is 50%. If the pressure before compression and after heat rejection 
is 100 kPa, find the high temperature and the pressure just before heat addition. 

Solution: 

Carnot cycle efficiency from Eq.7.5 
r, = 0-5 = 1 - T h /T l 

=> T h = T l /0.5 = 640 K 

Just before heat addition is state 2 and after heat rejection is state 1 so P 1 = 100 
kPa and the isentropic compression is from Eq.6.23 

k 

p 2 = p i (Th / T L ) k_1 = 1131 kPa 
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10.106 

Air in a piston/cylinder goes through a Carnot cycle in which T L = 26.8°C and the 
total cycle efficiency is r) = 2/3. Find T H , the specific work and volume ratio in 
the adiabatic expansion for constant Cp, C v . 

Solution: 

Carnot cycle efficiency Eq.5.5: 

p = 1 - T l /T h = 2/3 => T H = 3 x T L = 3 x 300 = 900 K 

Adiabatic expansion 3 to 4: Pv k = constant, work from Eq.6.29 (n = k) 

3 w 4 = (P 4 V 4 - P 3 v 3 )/(1 - k) = Y^(T 4 - T 3 ) = u 3 - u 4 

= C v (T 3 - T 4 ) = 0.717 kJ/kg-K (900 - 300) K = 429.9 kj/kg 
v 4 /v 3 = (T 3 /T 4 ) 1/(k “ = 3 2 ' 5 = 15.6 
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10.107 

Do the problem 10.105 using values from Table A. 7.1. 

The air-standard Carnot cycle was not shown in the text; show the T-s diagram 
for this cycle. In an air-standard Carnot cycle the low temperature is 320 K and 
the efficiency is 50%. If the pressure before compression and after heat rejection 
is 100 kPa, find the high temperature and the pressure just before heat addition. 

Solution: 

Carnot cycle efficiency Eq.7.5: 

p = 1 - T l /T h = 1/2 => T H = 2 x T L = 2 x 320 = 640 K 

From A.7.1: s°, = 6.93413 kJ/kg K, s° 2 = 7.64448 kJ/kg K 

From the entropy s 1 = s 2 and Eq. 6.19 we get 

P 2 = Pj exp[ (s° 2 - s°j)/R] = 100 kPa exp[ (7.64448 - 6.93413)/0.287] 
= 1188 kPa 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 




Borgnakke and Sonntag 


10.108 

Do Problem 10.105 using the P r , v r functions in Table A.7.2 

The air-standard Carnot cycle was not shown in the text; show the T-s diagram 
for this cycle. In an air-standard Carnot cycle the low temperature is 320 K and 
the efficiency is 50%. If the pressure before compression and after heat rejection 
is 100 kPa, find the high temperature and the pressure just before heat addition. 

Solution: 

Carnot cycle efficiency Eq.7.5: 

p = 1 - T l /T h = 1/2 => T H = 2 x T L = 2 x 320 = 640 K 
From A.7.2: P rl = 1.3972, P r2 = 16.598 
From the entropy Sj = s 2 and equation below Table A.7.2 we get 

P 2 = Pj P r2 / P r i = 100 kPa x 16.598 / 1.3972 = 1188 kPa 



A T 
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Atkinson and Miller cycles 
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10.109 

An Atkinson cycle has state 1 as 150 kPa, 300 K, compression ratio of 9 and a 
heat release of 1000 kJ/kg. Find the needed expansion ratio. 

Solution: 

Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and Eq.6.25 

T 2 = T, (v 1 /v 2 ) k " ' = 300 K x 9 °' 4 = 722.5 K 

P 2 = P 1 x(v 1 /v 2 ) k = 150 kPa X 9 14 = 3251 kPa 

Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 

T 3 = T 2 + q H /C v = 722.5 K + 1000 kJ/kg /0.717 kJ/kg-K = 21 17 K 

P 3 = P 2 x (T 3 /T 2 ) = 3251 kPa (2117 / 722.5) = 9526 kPa 
The expansion should now bring pressure down so P 4 = Pj 

V -V 1 l\r 

p 4 = Pj = P 3 X (V 3 /V 4 ) = P 3 x CR => CR = (P 3 /P 4 ) 

0 7 1 429 

CR = (9526 / 150) = 19.4 
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10.110 

An Atkinson cycle has state 1 as 150 kPa, 300 K, compression ratio of 9 and 
expansion ratio of 14. Find the needed heat release in the combustion. 

Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and Eq.6.25 

T 2 = T, (v 1 /v 2 ) k ~ ' = 300 K x 9 °' 4 = 722.5 K 

P 2 = P lX ( Vl /v 2 ) k = 150 kPa x 9 14 = 3251 kPa 
The expansion backwards from P 4 = Pj gives 

P 3 = P 4 x (v 4 /v 3 ) k = P 4 x CR k = 150 kPa x 14 1 ' 4 = 6034.9 kPa 
Combustion 2 to 3 at constant volume: v 3 = v 2 => P 3 = P 2 x (T 3 /T 2 ) 

Energy Eq.: u 3 = u 2 + q H => q H = C v (T 3 -T 2 ) 

Solve for T 3 from process equation 

T 3 = T 2 x (P 3 / P 2 ) = 722.5 K x (6034.9 / 3251) = 1341.2 K 
Solve for q H from the energy equation 

q H = C v (T 3 - T 2 ) = 0.717 (1341.2 - 722.5) = 443.6 kj/kg 
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10.111 

Assume we change the Otto cycle in Problem 10.66 to an Atkinson cycle by 
keeping the same conditions and only increase the expansion to give a different 
state 4. Find the expansion ratio and the cycle efficiency. 

Solution: 

Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and Eq.6.25 

T 2 = T, (v 1 /v 2 ) k ~ ' = 300 x 10 0 ' 4 = 753.6 K 

P 2 = P lX ( Vl /v 2 ) k = 95 x 10 1 ' 4 = 2386 kPa 

Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 

T 3 = T 2 + q H /C v = 753.6 + 1300/0.717 = 2567 K 

P 3 = P 2 x (T 3 /T 2 ) = 2386 (2567 / 753.6) = 8127 kPa 
The expansion should now bring pressure down so P 4 = P| 

k _E 1 fC 

P 4 = Pj = p 3 X (v 3 /v 4 ) = P 3 x CR => CR = (P 3 /P 4 ) 

0 71429 

CR = (8127/95) =24 


So now the efficiency becomes 



k 


CR - CR : 
CR k - CR k 


= 1-1.4 


24- 10 
24 k - 10 k 


0.675 
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10.112 

Repeat Problem 10.73 assuming we change the Otto cycle to an Atkinson cycle 
by keeping the same conditions and only increase the expansion to give a 
different state 4. 

Solution: 



Compression: Reversible and adiabatic so constant s from Eq. 6. 24-25 
P 2 = P 1 (v 1 /v 2 ) k = 90 kPa (7) 1 ' 4 = 1372 kPa 

T 2 = T^vj/v^' 1 = 283.2 K x (7) 0 4 = 616.6 K 

Combustion: constant volume 

T 3 = T 2 + q H /C v = 616.6 + 1800/0.717 = 3127 K 

p 3 = P 2 T 3 /T 2 = 1372 x 3127 / 616.6 = 6958 kPa 
The expansion should now bring pressure down so P 4 = Pj 


k -k 1 /k 

P 4 = Pj = p 3 X (v 3 /v 4 ) = P 3 X CR => CR = (P 3 /P 4 ) 

0 7 1 429 

CR = (6958 / 90) = 22.32 

So now the efficiency and net work become 


CR - CRi 22 32 - 7 

q = 1- k — ; = 1 - 1.4 H: r = 0.654 

CR k - CR k 22.32 k - 7 k 

w ne t = Bth x 9 h = 0.654 x 1800 kJ/kg = 1 177 kJ/kg 
Displacement (we take this as v 4 - v 2 ) and P me ff 

v ! = RTj/Pj = (0.287 x 283.2)/90 = 0.9029 m 3 /kg 
v 2 = (1/7) v t = 0.1290 m 3 /kg; v 4 = 22.32 v 2 = 2.879 m 3 /kg 
W NET 1177 

Pmeff = v 4 _ v 2 = 2.879 - 0.129 = 428 kPa 
Comment: The ratio CR / CR 1 = 22.32/7 is unrealistic large. 
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10.113 

An Atkinson cycle has state 1 as 150 kPa, 300 K, compression ratio of 9 and 
expansion ratio of 14. Find the mean effective pressure. 


Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and Eq.6.25 

T 2 = T, (v | /v 2 ) k ~ ' = 300 K x 9 °' 4 = 722.5 K 

P 2 = P lX ( Vl /v 2 ) k = 150 kPa x 9 14 = 3251 kPa 
The expansion backwards from P 4 = Pj gives 

P 3 = P 4 x (v 4 /v 3 ) k = P 4 x CR k = 150 kPa x 14 1 ' 4 = 6034.9 kPa 
Combustion 2 to 3 at constant volume: v 3 = v 2 => P 3 = P 2 x (T 3 /T 2 ) 

Energy Eq.: u 3 = u 2 + q H => q H = C v (T 3 -T 2 ) 

Solve for T 3 from process equation 

T 3 = T 2 x (P 3 / P 2 ) = 722.5 K x (6034.9 / 3251) = 1341.2 K 
Solve for q H from the energy equation 

q H = C v (T 3 - T 2 ) = 0.717 kJ/kg-K (1341.2 - 722.5) K = 443.6 kJ/kg 


The efficiency and net work become 

CR - CRi 

n TH = 1- k — : t;= 1 - 1.4 


14-9 

14 k -9 k 


= 0.623 


CR k - CR : 

w net = Pth x Oh = 0.623 x 443.6 kJ/kg = 276.4 kJ/kg 
Displacement (we take this as v 4 - v 2 ) and P meff 


v ! = RTj/Pj = (0.287 x 300)/150 = 0.574 m 3 /kg 

v 2 = (1/9) v ! = 0.06378 m 3 /kg; v 4 = 14 v 2 = 0.8929 m 3 /kg 

_ w net _ 276.4 _ 

p rneff = v 4 - v 2 “ 0.8929 - 0.06378 = 333 kPa 
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10.114 

A Miller cycle has state 1 as 150 kPa, 300 K, compression ratio of 9 and 
expansion ratio of 14. If P 4 is 250 kPa find the heat release in the combustion. 

Solution: 

Solve the problem with constant heat capacity. 

Compression 1 to 2: s 2 = s 3 => From Eq.6.24 and Eq.6.25 

T 2 = T, (v i /v 2 ) k ~ ' = 300 K x 9 °' 4 = 722.5 K 

P 2 = P lX ( Vl /v 2 ) k = 150 kPa x 9 14 = 3251 kPa 
The expansion backwards from P 4 gives 

P 3 = P 4 x (v 4 /v 3 ) k = P 4 x CR k = 250 kPa x 14 L4 = 10 058 kPa 
Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 

T 3 = T 2 + qH /C v and P 3 = P 2 x ( T 3 /T 2) 

T 3 = T 2 X (P 3 / P 2 ) = 722.5 K X (10 058 / 3251) = 2235.3 K 

q H = C v (T 3 - T 2 ) = 0.717 kJ/kg-K (2235.3 - 722.5) K = 1085 kj/kg 
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10.115 

A Miller cycle has state 1 as 150 kPa, 300 K, compression ratio of 9 and a heat 
release of 1000 kJ/kg. Find the needed expansion ratio so P 4 is 250 kPa. 

Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and Eq.6.25 

T 2 = T, (v 1 /v 2 ) k ~ ' = 300 K x 9 °' 4 = 722.5 K 

P 2 = P lX ( Vl /v 2 ) k = 150 kPa x 9 14 = 3251 kPa 

Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 

T 3 = T 2 + q H /C v = 722.5 + 1000/0.717 = 21 17 K 

P 3 = P 2 x (T 3 /T 2 ) = 3251 kPa (2117 / 722.5) = 9526 kPa 
The expansion should now bring pressure down to P 4 

k -k 1 /V 

P 4 = P 3 x (V3/V4) = P 3 x CR => CR = (P 3 /P 4 ) 

0 7 1 429 

CR = (9526 / 250) = 13.5 
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10.116 

In a Miller cycle assume we know state 1 (intake state) compression ratios CRj 
and CR. Find an expression for the minimum allowable heat release so P 4 = P 5 
that is, it becomes an Atkinson cycle. 

Compression: Reversible and adiabatic so constant s from Eq. 6. 24-25 

T 2 = T 1 (v 1 /v 2 ) k ~ ' = TjCRj^ 1 
Combustion: constant volume 

T 3 = T 2 + qn/C v and P 3 = P 2 T 3 /T 2 
The expansion should now bring pressure down so P 4 = Pj 

P 4 = Pj = p 3 x (v 3 /v 4 ) k = P 3 x CR k 
From the ideal gas law and the above pressure relation we have 

P 3 v 3 / PjVj = T 3 / Tj = (P 3 / P^CRj = CR k CR, 
so now substitute 

T 3 = T 2 + q H /C v = T 1 CR 1 k " 1 + q H /C v 

to get 

TjCR^ 1 + q H /C v = T, CR k CR, 
and now solve for q H 

q H = C v Tj [CR k CR! - CR^' 1 ] = C v T : [ CR k - CR x k ] / CR X 
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Combined Cycles 
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10.117 

A Rankine steam power plant should operate with a high pressure of 3 MPa, a low 
pressure of 10 kPa, and the boiler exit temperature should be 500°C. The 
available high-temperature source is the exhaust of 175 kg/s air at 600°C from a 
gas turbine. If the boiler operates as a counterflowing heat exchanger where the 
temperature difference at the pinch point is 20°C, find the maximum water mass 
flow rate possible and the air exit temperature. 

Solution: 

C.V. Pump T 

w P = h 2 - hj = Vj(P 2 - P | ) 

= 0.00101(3000 - 10) = 3.02 kJ/kg 
h 2 = hj + w P = 191.83 + 3.02 = 194.85 kJ/kg 

Heat exchanger water states 
State 2a: T 2a = T SAX = 233.9 °C 

h 2a = 1008.42 kJ/kg s 

State 3: h 3 = 3456.5 kJ/kg 

Heat exchanger air states 
inlet : iW in = 903.16 kJ/kg 

State 2a: h air (T 2a + 20) = 531.28 kJ/kg 

Air temperature should be 253. 9°C at the point where the water is at state 2a. 

C.V. Section 2a-3, i-a 

m H2 o( h 3 - h 2a) = ^aiA ' h a ) 

903.16 - 531.28 

m H 2 o - 175 3456.5 - 1008.42 - 26,584 k 8^ s 

Take C.V. Total: m Hn0 (h 3 - h 2 ) = m air (h, - h e ) 

=> h e = hi - m H2 o( h 3 - h 2)/m air 

= 903.6 - 26.584(3456.5 - 194.85)7175 = 408.13 kJ/kg 
=> T e = 406.7 K = 133.6 °C, T e > T 2 = 46.5 °C OK. 
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10.118 

A simple Rankine cycle with R-410A as the working fluid is to be used as a 
bottoming cycle for an electrical generating facility driven by the exhaust gas 
from a Diesel engine as the high temperature energy source in the R-410A boiler. 
Diesel inlet conditions are 100 kPa, 20°C, the compression ratio is 20, and the 
maximum temperature in the cycle is 2800 K. The R-410A leaves the bottoming 
cycle boiler at 80°C, 4 MPa and the condenser pressure is 1800 kPa. The power 
output of the Diesel engine is 1 MW. Assuming ideal cycles throughout, 
determine 

a. The flow rate required in the diesel engine. 

b. The power output of the bottoming cycle, assuming that the diesel exhaust is 
cooled to 200°C in the R-410A boiler. 



s 


Diesel cycle information given means: W DIESEL = 1 MW 

Pj = 100 kPa, T, = 20 °C, CR = Vj/v 2 = 20, T 3 = 2800 K 

Consider the Diesel cycle 

T 2 = T^vj/v^' 1 = 293.2 K (20) 0 ' 4 = 971.8 K 

p 2 = Pl ( Vl /v 2 ) k = 100 kPa (20) 1 ' 4 = 6629 kPa 

q H = C po (T 3 - T 2 ) = 1.004 kJ/kg-K(2800 - 971.8) K = 1835.5 kJ/kg 

0.287 x 293.2 3 0.8415 3 

\q = Jqq = 0.8415 nr /kg, v 2 = ^ = 0.04208 nr /kg 

v 3 = v 2 (T 3 /T 2 ) = 0.04208 m 3 /kg (2800/971.8) = 0.12124 m 3 /kg 

fv 3 \-i (o. 12124W4 

T 4 = T 3 — = 2800 K n0/l1 - = 1290 K 

4 -\v 4 J ^0.8415 J 

q L = 0.717(293.15 - 1290) = -714.7 kJ/kg 

w NEX = 1835.5 -714.7= 1120.76 kJ/kg 

m A iR = W NET /w NET = 1000 kW/1 120.76 kJ/kg = 0.892 kg/s 
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Rankine cycle information given means: 

Boiler exit state: T 7 = 80°C, P 7 = 4 MPa, 

Condenser: P 8 = P 5 = 1800 kPa, T 5 = 28.22°C, h 5 = h f = 103.1 kJ/kg 
Consider the Rankine cycle 

s 8 = s 7 = 1-0028 => Sup. vapor T 8 = 32.92°C, h 8 = 290.6 kJ/kg 
w x = h 7 - h 8 = 311.48 - 290.6 = 20.88 kJ/kg 

-w P = v 5 (P 6 - P 5 ) = 0.0009595 m 3 /kg (4000 - 1800) kPa = 2.11 kJ/kg 
h 6 = h 5 - w P = 103.1 + 2.1 1 = 105.21 kJ/kg 
q H = h 7 - h 6 = 311.48 - 105.21 = 206.27 kJ/kg 
Connecting the two cycles. 

Q h available from Diesel exhaust flow cooled to 200 °C: 

Q h = 0.892 kg/s x 1.004 kJ/kg-K (1290 - 473.2) K = 731 kW 
=> m R _ 410a = Q H /q H = 731 kW /206.27 kJ/kg = 3.544 kg/s 
W R - 4 ioa = 3.544 kg/s (20.88 - 2.11) kJ/kg = 66.5 kW 
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10.119 

A small utility gasoline engine of 250 cc runs at 1500 RPM with a compression 

ratio of 7: 1. The inlet state is 75 kPa, 17°C and the combustion adds 1500 kJ/kg to 
the charge. This engine runs a heat pump using R-410A with high pressure of 4 

MPa and an evaporator operating at 0°C. Find the rate of heating the heat pump 
can deliver. 

Overall cycle efficiency is from Eq.10.12, r v = V|/v 2 = 7 

r, TH = 1 - rj. k = 1 - 7 -0 ' 4 = 0.5408 
w ne t = "Hth x Oh = 0.5408 x 1500 = 811.27 kJ/kg 
We also need specific volume to evaluate Eqs.10.9 to 10.11 

v j = RT : / Pj = 0.287 kJ/kg-K x 290 K/ 75 kPa = 1.1097 m 3 /kg 

v 2 = Vl /CR = 0.15853 m 3 /kg 

„ w net 811.27 kJ/kg 

p meff - Vl _ v 2 - 1.097 - 0.15853 m 3/ kg “ 852 ’ 9 kPa 

Now we can find the power from Eq.10.11 (assume 4 stroke engine) 

RPM 1 4 1500 1 

W = P^ff V displ 2 = 852 ' 9 x 2 ' 5 xl ° x “60“ x 2 = 2 ’ 665 kW 

For the refrigeration cycle we have: 

State 1: Iq = 279.12 kJ/kg, sj = 1.0368 kJ/kgK 

State 2: 4 MPa, s 2 = Sj interpolate => h 2 = 323.81 kJ/kg 
State 3: 4 MPa interpolate h 3 = 171.62 kJ/kg 

_ 9h _ h 2 - h 3 _ 323.81 - 171.62 _ 

PH p - w c “ h 2 - hj “ 323.81 - 279.12 “ 3 ’ 405 

The work out of the heat engine equals the input to the heat pump 
Q h = p HP W = 3.405 x 2.665 kW = 9.07 kW 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


10.120 

Can the combined cycles in the previous problem deliver more heat than what 
comes from the R-410A? Find any amounts if so by assuming some conditions. 

The hot exhaust gases from the gasoline engine can also be used and as the heat 
pump delivers heat at a temperature that equals the saturation T at 4 MPa which is 

61.9°C, the exhaust gas can be cooled to that. Not all the heat out of the heat 

engine is exhaust gas, part of Q L is heat transfer rejected by the cooling (air or 

coolant). So as the engine produces 2.66 kW with an efficiency of 54% we must 
have: 


Qh fuel = W / Bth = 2.66 kw / 0.54 = 4.93 kW input so 
Ql engine = Qh fuel - W = 4.93 - 2.66 = 2.3 kW 

Generally half of this is exhaust gas and the other half heat transfer. So we can 
potentially get an additional 1 kW to heat with from the exhaust gas alone in 
addition to the heat pump output. 
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The power plant shown in Fig. 10.24 combines a gas-turbine cycle and a steam- 
turbine cycle. The following data are known for the gas-turbine cycle. Air enters 
the compressor at 100 kPa, 25 °C, the compressor pressure ratio is 14, the heater 
input rate is 60 MW; the turbine inlet temperature is 1250°C, the exhaust pressure 
is 100 kPa; the cycle exhaust temperature from the heat exchanger is 200°C. The 
following data are known for the steam-turbine cycle. The pump inlet state is 
saturated liquid at 10 kPa, the pump exit pressure is 12.5 MPa; turbine inlet 
temperature is 500°C. Determine 

a. The mass flow rate of air in the gas-turbine cycle. 

b. The mass flow rate of water in the steam cycle. 

c. The overall thermal efficiency of the combined cycle. 

a) From Air Tables, A. 7: P fl = 1.0913, h } = 298.66, h 5 = 475.84 kJ/kg 
s = s. => P = P .(PJP.) = 1.0913 x 14 = 15.2782 

2 1 r2S rl v 2 V 

T, = 629 K, h 2 = 634.48 kJ/kg 
w c = h 1 - h 2 = 298.66 - 634.48 = -335.82 kJ/kg 
At T 3 = 1523.2 K: P f3 = 515.493, h 3 = 1663.91 kJ/kg 

60 000 

m AiR = Qh /( ^3 ' h 2> = 1663.91 - 634.48 = 58,28 kg/s 



P 4 s = P r 3 (P 4 /P 3 ) = 515.493(1/14) = 36.8209 
=> T 4 = 791 K, h 4 = 812.68 kJ/kg 
w T = h, - h = 1663.91 - 812.68 = 851.23 kJ/kg 

T gas 34 ° 

Steam cycle: -w p « 0.00101 m 3 /kg (12500 - 10) kPa = 12.615 kJ/kg 
h 6 = h 9 - w p = 191.83 + 12.615 = 204.45 kJ/kg 


At 12.5 MPa, 500 °C: h ? = 3341.1 kJ/kg, s ? 

h a ~ h 5 _ 81 2.6 8 - 4-75. 84 

m H 2 o “ m AiRh 7 - h 6 _ 58 ’ 28 3341.1 - 204.45 


= 6.4704 kJ/kg K 

= 6.259 kg/s 


c) s 8 = s 7 = 6.4704 = 0.6492 + x 8 x 7.501, x § = 0.7761 
h 8 = 191.81 + 0.7761 x 2392.8 = 2048.9 kJ/kg 
w T f = h - h = 3341.1 - 2048.9 = 1292.2 kJ/kg 

T steam 7 8 ° 
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W 


NET L 


m(w T + w c )J AIR + m(w 


+ w 1 

T P ; _lH„0 


= 58.28 (851.23 - 335.82) + 6.259 (1292.2 - 12.615) 
= 30 038 + 8009 = 38 047 kW = 38.05 MW 


r, TH = W net /Q h = 38.047/60 = 0.634 



Figure 10.24 

© John Wiley & Sons, Inc. All rights reserved. 
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Consider the Brayton cycle in Problem 10.28. Find all the flows and fluxes of 
exergy and find the overall cycle second-law efficiency. Assume the heat transfers 
are internally reversible processes, and we neglect any external irreversibility. 
Solution: 

Efficiency is from Eq.10.1 


p = 


^net ^net 


Qh 


Oh 


= l-r- (k - 1)/k =l-16-°- 4/L4 = 0.547 


from the required power we can find the needed heat transfer 

14 000 

Qh= W net/B =1^7 = 25 594 kW 


m = Q H / q H = 25 594 kW/ 1160 kJ/kg = 22.064 kg/s 

Temperature after compression is 

(k- 1 )/k 0.4/1.4 

T 2 = Tj r p = 290 x 16 = 640.35 K 

The highest temperature is after combustion 

T 3 = T 2 + q H /C p = 640.35 + = 1795.7 K 

For the exit flow I need the exhaust temperature 

k-l 


T 4 = T 3 r p k = 1795.7 x 16 


-0.2857 


= 813.25 K 


tin = W net /cD h since the low T exergy flow out is lost 
The high T exergy input from combustion is 


6 h = m(\|/ 3 - v|/ 2 ) = m[h 3 - h 2 - T(s 3 - s 2 )] 

1795 7 

= 22.064 [1160 - 298 x 1.004 In ( 64Q 3g )] = 18 784 kW 


11n = W NET /0 H = 14 000/ 18 784 = 0.745 
. = m(\|/. - \|/ ) = m[h, - h - T (s. - s )] 

flow m VT 1 T o / L 1 o o v 1 o /J 


290 

= 22.064 [ 1.004(17 - 25) - 298 x 1.004 In ( ^ ) ] = 2.5 kW 
6 flow out = - V 0 ) = m[h 4 - h 0 - T(s 4 - s o )] 

813 

= 22.064 [ 1.004(813 - 298) - 298 x 1.004 In ( ^ ) ] = 4545 kW 
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A Brayton cycle has a compression ratio of 15:1 with a high temperature of 
1600 K and an inlet state of 290 K, 100 kPa. Use cold air properties to find the 
specific net work output and the second law efficiency if we neglect the “value” 
of the exhaust flow. 


Brayton cycle so this means: 
Minimum T: T, = 290 K 

Maximum T: T 3 = 1600 K 

Pressure ratio: P 2 /P | = 15 

Solve using constant C P0 



Compression in compressor: s 2 = S| => Implemented in Eq. 6. 23 

k-l 

T 2 = lypyPj) k = 290 K (15) 0 ' 286 = 628.65 K 


Energy input is from the combustor 

q H = h 3 - h 2 = C po (T 3 - T 2 ) = 1.004 kJ/kg-K (1600 - 628.65) K 
= 975.2 kJ/kg 

Do the overall cycle efficiency and net work 




W net _ ^-(k-l)/k _ j 

9h “ _1 P 


-0 4/1 4 

15 7 = 0.5387 


w net = 0 9h = 0.5387 x 975.2 = 525.34 kJ/kg 


Notice the q H does not come at a single T so neglecting external irreversibility 
we get 



= increase in flow exergy = \j/ 3 — \(/ 2 = 
= q H - T 0 C P ln(T 3 /T 2 ) = 975.2 - 298. 


h 3 - h 2 - T o(s 3 - s 2 ) 


15 x 1.004 in ( 


1600 

628.65 


) 


= 695.56 kJ/kg 


011 = 



¥3 “¥2 


525.34 

695.56 


= 0.755 
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Reconsider the previous problem and find the 
consider the “value” of the exhaust flow. 

Brayton cycle so this means: 

Minimum T: T : = 290 K 

Maximum T: T 3 = 1600 K 

Pressure ratio: P 2 /P | = 15 

Solve using constant C P0 


Compression in compressor: s 2 = S| => Implemented in Eq. 6. 23 

k-l 

T 2 = T^Pj/Pj) k = 290(15) 0 ' 286 = 628.65 K 
Energy input is from the combustor 

q H = h 3 - h 2 = C P0 (T 3 - T 2 ) = 1.004 (1600 - 628.65) = 975.2 kJ/kg 
Do the overall cycle thermal efficiency and net work 


second law efficiency if you do 





w net _ ^ - (k-l )/k _ 

9h “ ~ *P ~ * 


15 -0.4/1.4 


0.5387 


w net = 0 Oh = 0.5387 x 975.2 = 525.34 kJ/kg 


Notice the q H does not come at a single T so neglecting external irreversibility 
we get 


O qH = increase in flow exergy = \j/ 3 — \|/ 2 = h 3 — h 2 — T G (s 3 - s 2 ) 


1600 


= q H - T 0 C P ln(T 3 /T 2 ) = 975.2 - 298.15 x 1.004 In ( 62g 6g ) 


= 695.56 kJ/kg 

k-l 

T 4 = T 3 (P 4 /P 3 ) k = 1600 K X (1/15) 0 ' 286 = 73 8 K 

T 4 

°qL = V 4 - Vi = h 4 - hj - T 0 (s 4 - Sj) = C P (T 4 - T,) - T 0 Cp In ^ 

738 

= 1.004 kJ/kg-K x [ 738 - 290 - 298 ln(^) ] K = 170.33 kJ/kg 


011 = 


W net 525.34 

%H-V“ 695 - 56 - 17033 



Why is it 1?, the cycle is reversible so we could have said that right away. 
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For Problem 10.117, determine the change of exergy of the water flow and that of 
the air flow. Use these to determine a second law efficiency for the boiler heat 
exchanger. 

From solution to 10.117: 

m H9Q = 26.584 kg/s, h 0 = 194.85 kJ/kg, s 9 = 0.6587 kJ/kg K 

h 3 = 3456.5 kJ/kg, s 3 = 7.2338, s°.= 7.9820, s° e = 7.1762 kJ/kg K 

h. = 903.16 kJ/kg, h =408.13 kJ/kg 
1 6 

v)/ 3 - 1 |/ 2 = h 3 - h 2 - T q (s 3 - s 2 ) = 1301.28 kJ/kg 

¥i - ¥ e = h i - h e - T 0 ( S Ti " S Te) = 254/78 kJ/k S 

(¥ 3 - ¥ 2 )m H2Q 1301,28 x 26.584 „ 

- . - 254.78 x 175 - 0,776 

K - ¥ e )m air 
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Determine the second law efficiency of an ideal regenerator in the Brayton 
cycle. 


The ideal regenerator has no temperature difference between the two flows 
and is therefore reversible. Its second law efficiency is 100 % . 
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Assume a regenerator in a Brayton cycle has an efficiency of 75%. Find an 
expression for the second law efficiency. 

To do this, assume the pressure is constant in the two flows so we do not 
have any pressure loss. The change in enthalpy and entropy is then only due to 
changes in temperature for the two flows. 

¥x ~ ¥2 h x ~ h 2 ~ T o(s x ~ s 2 ) 

1111 “ y 4 - ¥2 ~~ h 4 - h 2 - T o( s 4 - s 2) 

_ Cp (T x - T 2 ) - T 0 Cp ln(T x /T 2 ) 

“ C P (T 4 - T 2 ) - T 0 C P ln(T 4 /T 2 ) 

T x - T 2 ~ T 0 ln(T x /T 2 ) 

- T 4 - T 2 - T 0 ln(T 4 /T 2 ) 

Finally we have 

_ Breg ~ a ln ( T x /T 2) 

1,11 = 1 - a ln(T 4 /T 2 ) 

where a is defined as 

_ T ° 
a - T 4 -T 2 
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The Brayton cycle in Problem 10.19 had a heat addition of 800 kJ/kg. What is 
the exergy increase in the heat addition process? 

Solution: 

Combustion: h 3 = h 2 + q H ; 2 W 3 = 0 and T max = T 3 = 1400 K 

T 2 = T 3 - q H /C P = 1400 K - 800 kJ/kg /1.004 kJ/kg-K = 603.2 K 
Now the exergy increase from 2 to 3 becomes (P 3 = P 2 ) 

V 3 " ^2 = h 3 ' h 2 ' T 0 (s 3 ' S 2^ = - T o C P ln ( T 3 /T 2) 

1400 

= 800-298.15 x 1.004 In (gQ 32 ) 

= 547.96 kJ/kg 
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The conversion efficiency of the Brayton cycle in Eq.10.1 was done with cold 
air properties. Find a similar formula for the second law efficiency assuming the 
low T heat rejection is assigned zero exergy value. 


The thermal efficiency (first law) is Eq.10.1 


Bth 


W n et W ne t 


Qh 


= l _ r ' (k - 1)/k 

Oh P 


,nd 


The corresponding 2 law efficiency is 

_ w net _ h 3 - h 2 - (h 4 - h!) 

O h h 3 - h 2 - T 0 (s 3 - s 2 ) 


where we used ® H = increase in flow exergy = v|/ 3 - v|/ 2 = h 3 - h 2 - T 0 (s 3 - s 2 ). 
Now divide the difference h 3 - h 2 out to get 

i _ h 4 - hi 

^3 ~ ^2 BTH 

^II _ 1 - T 0 (s 3 - s 2 )/( h 3 - h 2 ) _ 1 - T 0 (s 3 - s 2 )/( h 3 - h 2 ) 


Bth 


C P ln(T 3 / T 2 ) 


1 -T 


° Cp (T 3 - T 2 ) 

hTH 


ln(T 3 / T 2 ) 

0 t 3 -t 2 


1 -T 


Comment: Due to the temperature sensitivity of ® H the temperatures do not 
reduce out from the expression. 
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Redo the previous problem for a large stationary Brayton cycle where the low T 
heat rejection is used in a process application and thus has a non-zero exergy. 


The thermal efficiency (first law) is Eq.10.1 


Bth 


Wnet _ w net _ -(k-l)/k 

Q„ = qH = " Ip 


nd 


The corresponding 2 law efficiency is 


w 


T ln = 


h 3 - h 2 - (h 4 - h t ) 

_ h 3 - h 2 - T q (s 3 - s 2 ) 


where we used 

O h = increase in flow exergy = \j/ 3 — \(/ 2 = h 3 — h 2 — T G (s 3 - s 2 ). 

® L = rejection of flow exergy = \|/ 4 - \j/j = h 4 - h 3 - T 0 (s 4 - s f ). 
Now divide all terms with the difference h 3 - h 2 to get 

"Wt ^(^3 ~ ^2) — B T h ’ 

® H /(h 3 - h 2 ) = 1 - T 0 (s 3 - s 2 )(h 3 - h 2 ) = 1 - T 0 ln(T 3 /T 2 ) (T 3 - T 2 ) 

h 4 - hj s 4 - Sj In T 4 /T 

■VOs - h 3> = 1 1 - t 0 ^ ] = (i - n TH )[i - 

Substitute all terms to get 

Bth 

ln(T 3 /T 2 ) ln(T 4 /T.) 

1 _ T ° T 3 -T 2 " (1 " ^TH^ 1 “ T o T 4 -Tj ] 


T 4 -T! 


-1 




Comment: Due to the temperature sensitivity of ® H and ® L the temperatures do 
not reduce out from the expression. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Review problems 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


10.131 

Solve Problem 10.19 with variable specific heats using Table A. 7. 

A Brayton cycle inlet is at 300 K, 100 kPa and the combustion adds 800 kJ/kg. 
The maximum temperature is 1400 K due to material considerations. What is the 
maximum allowed compression ratio? For this compression ratio calculate the net 
work and cycle efficiency using cold air properties. 

Solution: 

Combustion: h 3 = h 2 + q H ; 2 W 3 = 0 an d T max = T 3 = 1400 K 
h 2 = h 3 - q H = 1515.27 - 800 = 715.27 kJ/kg 
From Table A.7.1 

T 2 « 701.6 K; s X2 = 7.74251; T l = 300 K; s xl = 6.86926 kJ/kg K 
Reversible adiabatic compression leads to constant s, from Eq.6.19: 

P 2 / Pj = exp[ (sj 2 - sJj)/R ] = exp(3. 04268) = 20.96 
Reversible adiabatic expansion leads to constant s, from Eq.6.19 

s° 4 = sj 3 + R ln(P 4 / P 3 ) = 8.52891 + 0.287 In (1/20.96) = 7.65568 kJ/kgK 

From Table A.7. 1 by linear interpolation T 4 « 646.85 K, h 4 = 656.8 1 kJ/kg 

w x = h 3 - h 4 = 1515.27 - 656.81 = 858.46 kJ/kg 
w c = h 2 - hj = 715.27 - 300.47 = 414.8 kJ/kg 
w net = w T - w c = 858.46 - 414.8 = 443.7 kJ/kg 
r| = w net / q H = 443.7 / 800 = 0.55 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


10.132 

Do Problem 10.28 with properties from table A.7.1 instead of cold air properties. 


Solution: 

With the variable specific heat we must go through the processes one by one to 
get net work and the highest temperature T3. 

From A.7.1: fq = 290.43 kJ/kg, s^j = 6.83521 kJ/kg K 

The compression is reversible and adiabatic so constant s. From Eq.6.19 

s 2 = S] => St 2 = St! +Rln(P 2 /Pi) = 6.83521 +0.287 lnl6 = 7.63094 
=> T 2 = 631.9 K, h 2 = 641 kJ/kg 
Energy equation with compressor work in 

w c = -iW 2 = h 2 - hj = 641 - 290.43 = 350.57 kJ/kg 
Energy Eq. combustor: h 3 = h 2 + q H = 641 + 1160= 1801 kJ/kg 

State 3: (P, h): T 3 = 1635.7 K, sj 3 = 8.71738 kJ/kg K 

The expansion is reversible and adiabatic so constant s. From Eq.6.19 

s 4 = s 3 => s^ 4 = s^ 3 + Rln(P 4 /P 3 ) = 8.71738 + 0.2871n(l/16) = 7.92165 

=^> T 4 = 827.3 K, h 4 = 852.31 kJ/kg 

Energy equation with turbine work out 

w T = h 3 - h 4 = 1801 - 852.31 = 948.69 kJ/kg 

Now the net work is 

w net = w T - w c = 948.69 - 350.57 = 598.12 kJ/kg 
The total required power requires a mass flow rate as 


W 


net 


m = 


w 


net 


14 000 kW _ „ , , 
598.12 kJ/kg ~ 23,41 Ws 
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Repeat Problem 10.36, but assume that the compressor has an efficiency of 82%, 
that both turbines have efficiencies of 87%, and that the regenerator efficiency is 
70%. 

fp \kl 

a) From solution 10.36: T ? = T, f k = 300 K (6) 0 286 = 500.8 K 

Yu 

-w c = -w 12 = C po (T 2 - >) = 1.004 kJ/kg-K (500.8 - 300) K = 201.6 kJ/kg 
-w c - -w sc /ri sc = 201.6/0.82 = 245.8 kJ/kg = w T[ 

= C po (T 4 -T 5 ) = 1.004 kJ/kg-K (1600 K-T 5 ) => > = 1355.2 K 

w ST1 = w T1 /ri ST1 = 245.8/0.87 = 282.5 kJ/kg 
= C P0 (T 4 -T 5S ) = 1.004(1600 -T 5S ) => T 5S = 1318.6 K 

s 5 s = S 4 ^P 5 = P 4 (T 5 s / T 4 F= 600>|> 5 = 304.9 kPa 

b) P 6 = 100 kPa, s 6s = s 5 

/t) \k-l 

F 6 T" MOO >286 

T 6S = T 5P- = 1355 - 2 feJ =985 ' 2K 

V 

w ST , = C po (T 5 -T 6S ) = 1.004(1355.2- 985.2) = 371.5 kJ/kg 

W T2 = 1 lsT2 x W ST2 = 0-87 x 371.5 = 323.2 kJ/kg 
323.2 = C po (T 5 -T 6 ) = 1.004(1355.2 -T fi ) => T g = 1033.3K 


c) 


m = W NET /w NET = 150/323.2 = 0.464 kg/s 
w c = 245.8 = C po (T 2 - Tj) = 1.004(T 2 - 300) => > = 544.8 K 


V h 2 T 3~ T 2 T 3 - 544 - 8 
11 REG - h - h - T, - T 0 - 1033.3 - 544.8 

D Z D Z 


= 0.7 


=> T 3 = 886.8 K 

q H = C po (T 4 - T 3 ) = 1.004(1600 - 886.8) = 716 kJ/kg 
4th = w net /c 1h = 3232/116 = °- 451 
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Consider a gas turbine cycle with two stages of compression and two stages of 
expansion. The pressure ratio across each compressor stage and each turbine stage 
is 8 to 1. The pressure at the entrance of the first compressor is 100 kPa, the 

temperature entering each compressor is 20°C, and the temperature entering each 

turbine is 1100°C. A regenerator is also incorporated into the cycle and it has an 
efficiency of 70%. Determine the compressor work, the turbine work, and the 
thermal efficiency of the cycle. 


P 2 /P l = P 4 /P 3 = P 6 /P 7 = P 8 /P 9 = 80 

Pj = 100 kPa 


t i= t 3 = 20°c, t 6 = t 8 = hoo°c 


Cold air and s 2 = s x and s 4 = s 3 


T = T =T 

4 2 l 


4V 


k-1 


k = 293. 15(8) 0 ' 286 = 531 K 


i T 



Total -w c = 2 x (-w 12 ) = 2C po (T 9 - TJ = 2 x 1.004(531 - 293.15) = 477.6 kj/kg 


(p 7 3 


k-1 


Also s. = s„ and s Q = s n : => T = T = T\ 

o / 5 y / y o 


V P 67 


= 1373.15 


( DO. 286 

V&J 


= 758 K 


Total w T = 2 x w 6? = 2C po (T 6 - T ? ) = 2 x 1.004(1373.15 - 758) = 1235.2 kJ/kg 
NET = 1235.2 - 477.6 = 757.6 kj/kg 


T 

W, 


Ideal regenerator: T s = T , T = T so the actual one has 


0 


to 

h 5- h 4 V T 4 
REG h 9 -h 4 T 9 -T 4 


V 531 

758 - 531 


= 0.7 


T 5 = 689.9 K 


^ ^6 " + ^8 ' ' ^ 5 ^ + C P 0 ( T 8 ' ^ 7 ^ 

= 1.004(1373.15-689.9) + 1.004(1373.15 -758) 
= 1303.6 kJ/kg 

ti th = w net /( 1h = 757.6/1303.6 = 0.581 
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10.135 

A gas turbine cycle has two stages of compression, with an intercooler between 
the stages. Air enters the first stage at 100 kPa, 300 K. The pressure ratio across 
each compressor stage is 5 to 1, and each stage has an isentropic efficiency of 
82%. Air exits the intercooler at 330 K. The maximum cycle temperature is 1500 
K, and the cycle has a single turbine stage with an isentropic efficiency of 86%. 
The cycle also includes a regenerator with an efficiency of 80%. Calculate the 
temperature at the exit of each compressor stage, the second-law efficiency of the 
turbine and the cycle thermal efficiency. 

State 1: P = 100 kPa, T, = 300 K State 7: P = P = 100 kPa 

1 1 7 o 

State 3: T 3 = 330 K; State 6: T fi = 1500 K, P fi = P 4 
P 2 = 5 Pj = 500 kPa; P 4 = 5 P 3 = 2500 kPa 

Ideal compression T, s = T, (P^P^' 1 ^ = 475.4 K 

1 st Law: q + h. = h g + w; q = 0 => w cl = h ( - h 2 = CpCTj - T 2 ) 

w d s = C p ( T 1 - T 2 s ) = - 176 ' 0 kJ/k §’ w d = w d s 7 ^ = - 214 ' 6 
T = Ti - w ,/Cp = 513.9 K 

2 1 cl r 

T 4s = T 3 (P 4 /P 3 ) (k ' 1)/k = 475.4 K 

W c 2 s = C p ( T 3 - T 4s ) = - 193 - 6 kJ/k §; w c2 = - 236 ' 1 ^ 

T 4 = T 3 - w c2 / Cp = 565.2 K 
Ideal Turbine (reversible and adiabatic) 

T 7s = T 6 (P 7 /P 6 ) (k - 1 ) /k = 597.4 K => w Js = C P (T 6 - T ?s ) = 905.8 kJ/kg 

1 st Law Turbine: q + h 6 = h ? + w; q = 0 

w T = h 6 - h ? = C P (T 6 - T ? ) = q Ts w Ts = 0.86 x 905.8 = 779.0 kJ/kg 
T = T , - wj C P = 1500 -779/1.004 = 723.7 K 

T P 

s 6 - s 7 = Cp In - R In ^ = -0. 1925 kJ/kg K 

V 6 - y 7 = (h 6 - h 7 ) - T q (s 6 - s 7 ) = 779.0 - 298. 15(-0. 1925) = 836.8 kJ/kg 

w T 

m , T = = 779.0 / 836.8 = 0.931 

'2nd Law \j/ 6 -\|/ 7 

d) Ti . = q u / w ’ w = w_ + w , + w , = 328.3 kJ/kg 

7 1 th net net T cl c2 ° 

st 

1 Law Combustor: q + h. = h + w; w = 0 

1 i e 

-> T 5 = 692.1 K 

q th = 0.405 


q c = h 6 - h 5 = C p( T 6 - T 5> 
T5-T4 

Regenerator: q rgg = j _ j =0.8 

q H = qc = 8 1 0 . 7 k J / kg ; 
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10.136 

Repeat the questions in Problem 10.36 when we assume that friction causes 
pressure drops in the burner and on both sides of the regenerator. In each case, the 
pressure drop is estimated to be 2% of the inlet pressure to that component of the 
system, so P 3 = 588 kPa, P 4 = 0.98 P 3 and P 6 = 102 kPa. 


Solution: 


From solution Problem 10.36: T„ = T 


v p iy 


k-l 


= 300 K (6) 0 - 286 = 500.8 K 


w c = -w 12 = C po (T 2 - T t ) = 1.004 kJ/kg-K (500.8 - 300) K = 201.6 kJ/kg 
P 3 = 0.98 x 600 = 588 kPa, P 4 = 0.98 x 588 = 576.2 kPa 

k 1399 2 

S 5 = s 4 => p 5 = P 4 (T 5S /T 4 ) k - 1 = 576.2 kPa 360.4 kPa 


P A = 100/0.98 = 102 kPa, s„ c = s< 

O Ob J 




k-l 

k 

f 102 3 

T = T 

6 L 5 


= 1399.2 

1292.8J 


0.286 


= 975.2 K 


w 


= C pn (T 5 -T 6 ) = 1.004(1399.2 - 975.2) = 425.7 kJ/kg 


ST2 P0 


m = W NET /w NET =150 kW /425.7 kJ/kg = 0.352 kg/s 
T = T = 975.2 K 

3 o 

q H = C po (T 4 - T 3 ) = 1.004 (1600 - 975.2) = 627.3 kJ/kg 
q TH = w NET /q H = 425.7/627.3 = 0.678 
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10.137 

A gasoline engine has a volumetric compression ratio of 9. The state before 
compression is 290 K, 90 kPa, and the peak cycle temperature is 1800 K. Find the 
pressure after expansion, the cycle net work and the cycle efficiency using 
properties from Table A. 7. 

Use table A. 7.1 and interpolation. 

Compression 1 to 2: 82 = 8! => From Eq. 6. 19 
0 = s T2 - s T1 - Rln^/Pj^ 

S T2 " S T1 " Rln(T 2 v 1 /T 1 v 2 ) 

Sj 2 - R lnCr/Tj) = s^ + R lnCvj/v^ = 6.83521 + 0.287 in 9 = 7.4658 

This becomes trial and error so estimate first at 680 K and use A.7.1. 

LHS 680 = 7.7090 - 0.287 ln(680/290) = 7.4644 (too low) 

LHS 700 = 7.7401 - 0.287 ln(700/290) = 7.4872 (too high) 

Interpolate to get: T 2 = 681.23 K, u 2 = 497.9 kJ/kg 

p 2 = Pj (T 2 /Tj) ( Vl /v 2 ) = 90 (681.23 / 290) x 9 = 1902.7 kPa 
jW 2 = Uj - u 2 = 207.2 - 497.9 = -290.7 kJ/kg 
Combustion 2 to 3: constant volume v 3 = v 2 

q H = u 3 - u 2 = 1486.3 - 497.9 = 988.4 kJ/kg 
p 3 = P 2 (T 3 /T 2 ) = 1902.7 (1800/681.2) = 5028 kPa 
Expansion 3 to 4: s 4 = s 3 => From Eq. 6. 19 as before 

Sj 4 - R ln(T 4 /T 3 ) = s^ 3 + R ln(v 3 /v 4 ) = 8.8352 + 0.287 ln(l/9) = 8.2046 

This becomes trial and error so estimate first at 850 K and use A.7.1. 

LHS 850 = 7.7090 - 0.287 ln(850/1800) = 8.1674 (too low) 

LHS900 = 7.7401 - 0.287 ln(900/1800) = 8.2147 (too high) 

Interpolation => T 4 = 889.3 K, u 4 = 666 kJ/kg 

P 4 = P 3 (T 4 /T 3 )(v 3 /v 4 ) = 5028 (889.3/1800) (1/9) = 276 kPa 
3 w 4 = u 3 - u 4 = 1486.3 - 666.0 = 820.3 kJ/kg 
Net work and overall efficiency 

w net = 3 W 4 + iw 2 = 820.3 - 290.7 = 529.6 kJ/kg 
r) = w NET /q H = 529.6/988.4 = 0.536 
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10.138 

Consider an ideal air-standard diesel cycle in which the state before the compression 
process is 95 kPa, 290 K, and the compression ratio is 20. Find the maximum 
temperature (by iteration) in the cycle to have a thermal efficiency of 60%? 

Solution: 

Diesel cycle: Pj = 95 kPa, = 290 K, Vj/v 2 = 20, r) TH = 0.6 

Since the efficiency depends on T 3 and T 4 , which are connected through the 
expansion process in a nonlinear manner we have an iterative problem. 

T, = Tjlv/v^' 1 = 290 K (20) 0 ' 4 = 961.2 K 

v ! = 0.287 kJ/kg-K x 290 K/95 kPa = 0.876 m 3 /kg = v 4 , 

v 9 = v/CR = 0.876 / 20 = 0.0438 m 3 /kg 

v 3 = v 9 (T 3 /T 9 ) = 0.0438 m 3 /kg CL/961.2) = 0.0000456 T 3 

T J = T .W = < 0.0000456 T,) =• T 4 = 0.019345 T‘- 4 

Now substitute this into the formula for the efficiency 

T 4 -Tj 0.019345 x tJ 4 - 290 
i1 TH = 0.60 = 1 - k( x 3 . = 1 - 1.4(T 3 - 961.2) 

=> 0.019345 x T* 4 - 0.56 x T 3 + 248.272 = 0 

Trial and error on this non-linear equation in T 3 

3050 K: LHS = +1.06 3040 K: LHS = -0.036, 

Linear interpolation T 3 = 3040 K 
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10.139 

Find the temperature after combustion and the specific energy release by 
combustion in Problem 10.98 using cold air properties. This is a difficult 
problem and it requires iterations. 

The worlds largest diesel engine has displacement of 25 m running at 200 RPM 
in a two stroke cycle producing 100 000 hp. Assume an inlet state of 200 kPa, 300 
K and a compression ratio of 20:1. What is the mean effective pressure? 


We have 3 parameters for the cycle: T j, Pj and CR we need one more, so this 
comes from the total rate of work Eq.10.11. 


W = m P meff (V, - v 2 ) x N cyl x RPM/60 = P meff V displ RPM/60 


Pmeff = W 60 / V displ RPM = 


100 000 X 0,746 kW X 60 s 
25 m 3 x 200 


= 895 kPa 


Vl = RT/P = 0.287 kJ/kg-K x300 K J 200 kPa = 0.4305 m 3 /kg; 
w net = Pmeff ( V 1 - v 2 ) = 895 x 0.4305 ( 1 - ^ ) = 366.03 kJ/kg 


T, = T 1 (v 1 /v 2 ) k ' 1 = 300 K (20)°- 4 = 994.3 K 

Combustion and expansion volumes 

v 3 = v 2 x T 3 /T 2 = Vj T 3 /(T 2 x CR) ; v 4 = v 1 
Expansion process, isentropic from Eq.6.23 

T 4 = T 3 (v 3 /v 4 ) k ‘ 1 = T 3 [T 3 / (CRxT 2 )] k 1 = T 3 (CRxT^ 1 * = 0.01908 T 3 
The net work is also given by the heat transfers 

w net = 9 h _ 9 l = Cp(T 3 - T 2 ) - C V (T 4 - T 3 ) 

Substitute w net and T 4 into this equation and we get 

366.03 = 1.004(T 3 - 994.3) - 0.717(0.01908 T 3 - 300) 
divide by 1.004 and combine terms to get 

1 144.63 = T 3 - 0.013626 T 3 

Trial and error, guess T 3 ■=> RHS 1400 = 1054.1; RHS 1600 = 1183 
Interpolate: T 3 = 1540.5 K 

q H = C p (T 3 - T 2 ) = 1.004(1540.5 - 994.3) = 548 kJ/kg 
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10.140 

Reevaluate the combined Brayton and Rankine cycles in Problem 10.121. For a 
more realistic case assume the air compressor, the air turbine, the steam turbine 
and the pump all have an isentropic efficiency of 87%. 



a) From Air Tables, A. 7: P^ = 1.0913, hj = 298.66, h $ = 475.84 kJ/kg 

s = s. => P = P .(PJP.) = 1.0913 x 14 = 15.2782 

2 1 r2S rl v 2 V 

T„ S = 629K, h, s = 634.48 
w sc = h 1 - h 2S = 298.66 - 634.48 = -335.82 kJ/kg 

^^sc^sc^ 335 - 82 / 0 - 87 ^ 386 ^!- 1 ^ ^ h 2 = 684.66 kJ/kg 
At T 3 = 1523.2 K: P f3 = 515.493, h 3 = 1663.91 kJ/kg 

60 000 

m AiR = Q H /( ^ h 3 ' h 2> “ 1663.91 - 684.66 = 61,27 kg/s 

b) P r4S = p r3 ( p 4 /p 3 ) = 515.493(1/14) = 36.8209 

=> T 4S = 791 K, h 4S = 812.68 kJ/kg 
w ST = h 3 -h 4S = 1663.91 - 812.68 = 851.23 kJ/kg 
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w T = ri ST x w ST = 0.87 x 851.23 = 740.57 = h 3 - h 4 => h 4 = 923.34 kJ/kg 
Steam cycle: -w sp * 0.00101(12500 - 10) = 12.615 kJ/kg 
-w p = - w sp /r| sp = 12.615/0.85 = 14.84 kJ/kg 
h 6 = h 9 - w p = 191.83 + 14.84 = 206.67 kJ/kg 
At 12.5 MPa, 500 °C: h ? = 3341.7 kJ/kg, s ? = 6.4617 kJ/kg K 


. h 4-h 5 923.34- 475.84 , 

m TT ^ = m ATr) 7 7 ~= 61.27 - o.746 kg/s 

h 0 o air h 7 - Ha 3341.7-206.67 & 


c) s QQ = s = 6.4617 = 0.6492 + x QC x 7.501, x QQ = 0.7749 

OO / OJ OJ 

h gs = 191.81 + 0.7749 x 2392.8 = 2046.0 kJ/kg 
w ST = h 7 - h gs = 3341.7 - 2046.0 = 1295.7 kJ/kg 
w T = ri ST x w §T = 0.87 x 1295.7 = 1 127.3 kJ/kg 


W 


NET L 


m(w T +w r ) 


C'JAIR + L 


m(w T +w p ) JH 


= 61.27(740.57 - 386.0) + 8.746(1127.3 - 14.84) 
= 21725 + 9730 = 31455 kW = 31.455 MW 


r, TH = W net /Q h = 31.455/60 = 0.524 
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Problems solved using Table A.7.2 
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10.37 

Repeat Problem 10.35 when the intercooler brings the air to T 3 = 320 K. The 

corrected formula for the optimal pressure is P 2 = [ P { P 4 (T 3 /T |/ ) n ^ n ‘ l *] 1/2 see 
Problem 7.245, where n is the exponent in the assumed polytropic process. 

Solution: 

The polytropic process has n = k (isentropic) so n/(n - 1) = 1.4/0. 4 = 3.5 
P 2 = 400 kPa V( 320/290) 3 - 5 = 475.2 kPa 
C.V. Cl: s 2 = s 1 => P r2 = P rl (P 2 / p 1 ) = 0.9899 x (475.2/100) 

= 4.704 => T, = 452 K, h 0 = 453.75 
-w cl = h 2 - h { = 453.75 - 290.43 = 163.3 kj/kg 
C.V. Cooler: q QUT = h 0 - h 3 = 453.75 - 320.576 = 133.2 kj/kg 

C.V. C2:s 4 = s 3 => P r4 = P r3 (P 4 /P 3 ) = 1.3972 x (1600/475.2) =4.704 

=> T 4 = T 0 = 452 K, h 4 = 453.75 
-w C2 = h 4 - h 3 = 453.75 - 320.576 = 133.2 kj/kg 
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10.42 

A gas turbine with air as the working fluid has two ideal turbine sections, as 
shown in Fig. P10.42, the first of which drives the ideal compressor, with the 
second producing the power output. The compressor input is at 290 K, 100 kPa, 
and the exit is at 450 kPa. A fraction of flow, x, bypasses the burner and the rest 
(1 — jc) goes through the burner where 1200 kJ/kg is added by combustion. The 
two flows then mix before entering the first turbine and continue through the 
second turbine, with exhaust at 100 kPa. If the mixing should result in a 
temperature of 1000 K into the first turbine find the fraction x. Find the required 
pressure and temperature into the second turbine and its specific power output. 

C.V.Comp.: -w c = h 7 -h 1 ; s 2 = s 1 

P 2 = P rl (P 2 /P 1 ) = 0.9899 x (450/100) = 4.4545, 

A. 7. 2 interpolate: T 0 = 445 K, h 7 = 446.74 kJ/kg, 

-w c = 446.74 - 290.43 = 156.3 kJ/kg 
C.V.Burner: h 3 = h ? + q H = 446.74 + 1200 = 1646.74 kJ/kg 
=> T 3 = 1509 K 

C.V.Mixing chamber: (1 - x)h 3 + xh 2 = h MIX = 1046.22 kJ/kg 

h 3 ' h Mix 1646.74 - 1046.22 
X_ h 3 -h 2 “ 1646.74-446.74 “ 0 ‘ 50 

W T =W„. => w„ = -w r = 156.3 kJ/kg = h, - h. 

T1 C,in T1 C ° 3 4 

h 4 = 1046.22 - 156.3 = 889.9 kJ/kg => T 4 = 861 K 

p 4 = ( p r4 / p rM ix) P mix = (51/91-65) x 450 = 250.4 kPa 
s 4 = s 5 => P r5 = P r4 (P 5 /P 4 ) = 51 x (100/250.4) = 20.367 
A. 7. 2 interpolate: h 5 = 688.2 kJ/kg, T s = 676 K 

w T2 = h 4 - h 5 = 889.9 - 688.2 = 201.7 kJ/kg 
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10.80 

Repeat Problem 10.73, but assume variable specific heat. The ideal gas air tables, 
Table A.7, are recommended for this calculation (and the specific heat from Fig. 
3.26 at high temperature). 

Solution: 

Table A.7 is used with interpolation. 

T,= 283.2 K, Ul = 202.3 kJ/kg, v rl = 210.44 

Compression 1 to 2: s 2 = s 3 => From definition of the v r function 
v r2 = v rl (v 2 / Vl ) = 210.4 (1/7) = 30.063 
Interpolate to get: T 2 = 603.9 K, u 2 = 438. 1 kJ/kg 

=> -jWj = u 2 - u t = 235.8 kJ/kg, 

u 3 = 438.1 + 1800 = 2238.1 => T 3 = 2573.4 K , v r3 = 0.34118 
P 3 = 90 x 7 x 2573.4 / 283.2 = 5725 kPa 
Expansion 3 to 4: s 4 = s 3 => From the v r function as before 

V r4 = v r3 (v 4 /v 3 ) = 0.34118 (7) = 2.3883 
Interpolation => T 4 = 1435.4 K, u 4 = 1145.8 kJ/kg 
3 w 4 = u 3 -u 4 = 2238.1 - 1145.8= 1092.3 kJ/kg 

Net work, efficiency and mep 

w net = 3 w 4 + t w 2 = 1092.3 - 235.8 = 856.5 kJ/kg 

r| TH = w net / q H = 856.5 / 1800 = 0.476 

vj = RTj/Pj = (0.287 x 283.2)/90 = 0.9029 m 3 /kg 

v 2 = (1/7) Vl =0.1290 m 3 /kg 

W t 

p meff = v " £ v = 856.5 /(0.9029 - 0.129) = 1107 kPa 
1 ^ 
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Brayton Cycles 
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10.141 

In a Brayton cycle the inlet is at 540 R, 14 psia and the combustion adds 350 
Btu/lbm. The maximum temperature is 2500 R due to material considerations. 
Find the maximum permissible compression ratio and for that the cycle efficiency 
using cold air properties. 

Solution: 

Combustion: h 3 = h 2 + q H ; 2 W 3 = 0 and T max = T 3 = 2500 R 
T 2 = T 3 - q H /C P = 2500 - 350/0.24 = 1041.67 R 
Reversible adiabatic compression leads to constant s, from Eq.6.23: 

k 

P 2 /P, = (T/T^k- 1 = (1041.67/540) 3 ' 5 = 9.9696 
We can find the efficiency from the compression ratio, Eq.10.1 
q = 1 — Tj/T 2 = 1 - 540/1041.67 = 0.482 


We can also compute all process work terms. 

Reversible adiabatic expansion leads to constant s, from Eq.6.23 

t 4 = t 3 eyp 3 )ir = t 3 = 2500 r = 1296 r 

For net work we get 

w x = C P (T 3 - T 4 ) = 0.24 (2500 - 1296) = 288.96 Btu/lbm 
w c = C P (T 2 - Tj) = 0.24 (1041.67 - 540) =120.4 Btu/lbm 
w ne t = w x - w c = 288.96 - 120.4 = 168.56 Btu/lbm 
q = w net / q H = 168.56 / 350 = 0.482 
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10.142 

A Brayton cycle has compression ratio of 15: 1 with a high temperature of 2900 R 
and the inlet at 520 R, 14 psia. Use cold air properties and find the specific heat 
transfer input and the specific net work output. 


Brayton cycle so this means: 

Minimum T: Tj = 520 R 

Maximum T: T 3 = 2900 R 

Pressure ratio: P 2 /Pi = 15 

Compression in compressor: s 2 = s t 

=> Implemented in Eq.6.23 

k-l 

T 2 = T, (P 2 /Pj) k = 520 (15) 0 ' 286 = 1 128. 1 R 



Energy input is from the combustor 

q H = C po (T 3 - T 2 ) = 0.24 (2900 - 1128.1) = 425.3 Btu/lbm 
Do the overall cycle efficiency and the net work 




W net j r -(k-l)/k_ 1 15 -0.4/1.4 

Mn “ ‘‘p 


0.5387 


w net = M Mh = 0-5387 x 425.3 = 229.1 Btu/lbm 
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10.143 


A large stationary Brayton cycle gas-turbine power plant delivers a power output 
of 100 000 lip to an electric generator. The minimum temperature in the cycle is 
540 R, and the exhaust temperature is 1350 R. The minimum pressure in the cycle 
is 1 atm, and the compressor pressure ratio is 14 to 1. Calculate the power output 
of the turbine, the fraction of the turbine output required to drive the compressor 
and the thermal efficiency of the cycle? 


Brayton: 

w net = 100 000 hp 
Pj = 1 atm, Tj = 540 R 
P 2 /Pj = 14, T 3 = 2900 R 
Solve using constant C p() : 


Compression in compressor: 82 = 8! 

r> k-1 



-> 


T 9 = Tj(p^) k = 540(1 4) 0 - 2857 = 1148.6 R 


w c = h 2 - hj = Cp^T^Tj) = 0.24 (1148.6 - 540) = 146.1 Btu/lbm 
Expansion in turbine: s 4 = s 3 => Implemented in Eq.6.23 

P 

3 _ "4 VP 


k-1 

T, = T. (^) k = 1350(14)™' =2869.3 R 


0.2857 


4 


w T = h 3 - h 4 = C P0 (T 3 -T 4 ) = 0.24(2869.3 - 1350) = 364.6 Btu/lbm 
w KT ™ = - w = 364.6 - 146.1 = 218.5 Btu/lbm 

JNJtii i c 


m = W .Jw = 100 000 x 2544/218.5 = 1 164 302 lbm/h 

NET NET 

W T = mw T = 166 865 hp, w c /w T = 0.40 


Energy input is from the combustor 

q H = C po (T 3 - T 2 ) = 0.24(2869.3 - 1148.6) = 413 Btu/lbm 

0 TH = w net^^h = 218 - 5/413 = 0529 
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10.144 

A Brayton cycle produces 14 000 Btu/s with an inlet state of 60 F, 14.7 psia, and a 
compression ratio of 16:1. The heat added in the combustion is 480 Btu/lbm. 

What are the highest temperature and the mass flow rate of air, assuming cold air 
properties? 

Solution: 

Efficiency is from Eq.10.1 


h = 


W n et ^net 


Qh 


Oh 


= 1 - r ' (k ' 1)/k = 1 . 16 -°- 4/1 - 4 = o .547 
P 


from the required power we can find the needed heat transfer 

14 000 

Qh = w net / il = o. 547 = 25 594 Btu/s 


m= Q H /qH = 


25 594 Btu/s 
480 Btu/lbm 


= 53.32 lbm/s 


Temperature after compression is (Eq.6.23) 


T 2 = T 1 rl k ’ 1)/k = 519.7 x 16°' 4/1 ' 4 = 1148 R 


The highest temperature is after combustion 


480 


T 3 = T 2 + q H /C p = 1148+^= 3148 R 
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10.145 


Do the previous problem with properties from table F.5 instead of cold air 
properties. 

Solution: 

With the variable specific heat we must go through the processes one by one to 
get net work and the highest temperature T 3 . 

From F.5: hj = 124.38 btu/lbm, s^j = 1.63074 Btu/lbm R 

The compression is reversible and adiabatic so constant s. From Eq.6.19 


back interpolate in F.5 => T 2 = 1 133.5 R, h 2 = 274.58 Btu/lbm 

Energy equation with compressor work in 

w c = "1 w 2 = h 2 - hj = 274.58 - 124.383 = 150.2 Btu/lbm 
Energy Eq. combustor: h 3 = h 2 + q H = 274.58 + 480 = 754.58 Btu/lbm 

State 3: (P, h): T 3 = 2876.7 R, s ^ 3 = 2.07443 Btu/lbm R 

The expansion is reversible and adiabatic so constant s. From Eq.6.19 

o o 53.34 

s 4 = s 3 => s T4 = s T3 + Rln(P 4 /P 3 ) = 2.07443 + ln(l/16) = 1.88434 

=> T 4 = 1450.6 R, h 4 = 356.27 Btu/lbm 

Energy equation with turbine work out 

w T = h 3 - h 4 = 754.58 - 356.27 = 398.31 Btu/lbm 

Now the net work is 

w ne t = w T - w c = 398.31 - 150.2 = 248.11 Btu/lbm 
The total required power requires a mass flow rate as 
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S 2 =Si => 


p 

S T2 = s ti + R l n (pT) = 1.63074 + 
= 1.82083 Btu/lbm R 



. W net 140 OO Btu/s 


= 56.4 lbm/s 


m w net 248.11 Btu/lbm 
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10.146 

Solve Problem 10.142E using the air tables F.5 instead of cold air properties. 


Brayton cycle so this means: 
Minimum T: T 1 = 520R 

Maximum T: T 3 = 2900 R 

Pressure ratio: P 2 /Pi = 15 

Compression in compressor: s 2 = s 1 

=> Implemented in Eq . 6 . 1 9 






o o 
S T2 = S T1 


+ Rln(P 2 /P 1 )= 1.6307 + 


53.34 

778 


ln!5 = 1.8164 


=> T 2 = 1113.8 R, h 2 = 269.6 Btu/lbm 
w c = h 2 - h, = 269.6 - 124.4 = 145.2 Btu/lbm 
Energy input is from the combustor 

q H = h 3 - h 2 = 761.4 - 269.6 = 491.8 Btu/lbm 

The expansion is reversible and adiabatic so constant s. From Eq.6.19 

o o 53.34 

s 4 = s 3 => s T4 = s T3 + Rln(P 4 /P 3 ) = 2.0768 +^^-ln(l/15) = 1.8911 


T 4 = 1488.5 R, h 4 = 366.2 Btu/lbm 

Energy equation with turbine work out 

w T = h 3 - h 4 = 761.3 - 366.2 = 395.1 Btu/lbm 

Now the net work is 

w net = w T - w c = 395.1 - 145.2 = 249.9 Btu/lbm 


[ Comment: 


Cycle efficiency 


Wnet w net 249.9 
11 - . “ q H “491.8 

Qh 


0.508 ] 
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10.147 


An ideal regenerator is incorporated into the ideal air-standard Brayton cycle of 
Problem 10.143E. Calculate the cycle thermal efficiency with this modification. 


Solution: 




Compression ratio 



Exhaust 
temperature 
T 4 = 1350 R 


Solving for the cycle work terms and heat transfer from problem 10.143E: 
The compression is reversible and adiabatic so constant s. From Eq.6.23 

-> T 2 = Tj Qf) k = 540 (14) 0 2857 = 1 148.6 R 

w c = h 2 - hj = C p(J (T 2 -T | ) = 0.24 (1148.6 - 540) = 146.1 Btu/lbm 
Expansion in turbine: s 4 = s 3 =^> Implemented in Eq.6.23 

P k-1 

T 3 = T 4 (p^) k = 1350 (14) 0 ' 2857 = 28 69.3 R 

w T = h 3 - h 4 = C po (T 3 -T 4 ) = 0.24(2869.3 - 1350) = 364.6 Btu/lbm 
w. TC „ = w_ - w„ = 364.6 - 146.1 = 218.5 Btu/lbm 

JNJb i ic 

Ideal regenerator: T x = T 4 = 1350 R 

q H = h 3 - h x = 0.24(2869.3 - 1350) = 364.6 Btu/lbm = wx 
r) TH = w NET /q H = 218.5/364.6 = 0.60 


The short answer from the efficiency of an ideal regenerator (T 4 = T x ) from 
p.471 


hTH “ 


li 

T 3 


fpf 


k-1 


= 1 



1148.6 

2869.3 


= 0.60 
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10.148 

An air-standard Ericsson cycle has an ideal regenerator as shown in Fig. P10.44. 
Heat is supplied at 1800 F and heat is rejected at 150 F. Pressure at the beginning 
of the isothermal compression process is 10 lbf/in r. The heat added is 300 
Btu/lbm. Find the compressor work, the turbine work, and the cycle efficiency. 


Identify the states 

Heat supplied at high temperature 

Heat rejected at low temperature 

Beginning of the compression: 

Ideal regenerator: 0 q 3 = - 4 q ] 


T 4 = T 3 = 1800 F = 2349.7 R 
T 1 = T 0 = 150 F = 609.7 R 

Pj = 10 lbf/in 2 
^ C[ H = 3 Cl 4 ^ 


w T = q H = 300 Btu/lbm 

^th = ^carnot th. = ^ ' ^l/^h = ' ' 609.7/2349.7 = 0.7405 
w net = P TH 9 h = 0.7405 x 300 Btu/lbm = 222 Btu/lbm 
q L = -w c = 300 - 222 = 78 Btu/lbm 
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10.149 

The turbine in a jet engine receives air at 2200 R, 220 lbf/in. 2 . It exhausts to a 

nozzle at 35 lbf/in. 2 , which in turn exhausts to the atmosphere at 14.7 lbf/in. 2 . 
Find the nozzle inlet temperature and the nozzle exit velocity. Assume negligible 
kinetic energy out of the turbine and reversible processes. 

Solution: 

C.V. Turbine: h; = 560.588 Btu/lbm, s^ = 1.99765 Btu/lbm R, s es = Sj 
Then from Eq.6.19 

=> s£ es = Syj + R ln(P e /Pj) = 1.99765 + In (35/220) = 1.8716 

Table F.5 T es = 1382 R, h es = 338.27 Btu/lbm, 

Energy eq.: w T s = hj - h es = 560.588 - 338.27 = 222.3 Btu/lbm 

C.V. Nozzle: h ; = 338.27 Btu/lbm, Sjj = 1.8716 Btu/lbm R, s es = Sj 
Then from Eq.6.19 

o o 53.34 14.7 Btu 

s Tes _ s Ti + ^ l n (Pe^i) — 1-8716 + yyg In ( 35 ) — 1-81212 ^ 

Table F.5 => T = 1095.0 R, h = 264.9 Btu/lbm 

e,s e,s 

Energy Eq.: (1/2)V 2 = h. - h = 338.27 - 264.9 = 73.37 Btu/lbm 

6 ? s 1 e,s 

V, . _ = ^2 X 25037 X 73.37 = 1917 ft/s 
Recall 1 Btu/lbm = 25 037 ft 2 /s 2 
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10.150 

An air standard refrigeration cycle has air into the compressor at 14 psia, 500 R 
with a compression ratio of 3: 1 . The temperature after heat rejection is 540 R. 
Find the COP and the highest cycle temperature. 


From the isentropic compression/expansion processes, Eq.6.23 


k-l 

T 2 /Tj = (P 2 /Pj) k 


0.2857 
= 3 


1.36874 = T 3 /T 4 


T 2 = 1.36874 Tj =684.4 R 
The COP, Eq. 10.5, is 



T 


T 


- 1 



1.36874 



2.712 
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Otto, Diesel, Stirling and Carnot Cycles 
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12.151 

A 4 stroke gasoline engine runs at 1800 RPM with a total displacement of 150 in. 
and a compression ratio of 10: 1. The intake is at 520 R, 10 psia with a mean 
effective pressure of 90 psia. Find the cycle efficiency and power output. 

Efficiency from the compression ratio 

r| = 1 - CR 1 k = 1 - 10 °' 4 = 0.60 

The power output comes from speed and displacement in Eq. 10.1 1 

RPM 1 lbf 3 1800 _ 1 

W — P m effVdispl gQ 2 - n 2 x in. x (1/s) x ^ 

= 16 875 lbf-ft/s = 30.7 hp = 21.7 Btu/s 
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10.152 

Air flows into a gasoline engine at 14 lbf/in. , 540 R. The air is then compressed 
with a volumetric compression ratio of 10:1. In the combustion process 560 
Btu/lbm of energy is released as the fuel burns. Find the temperature and pressure 
after combustion. 

Solution: 

Solve the problem with constant heat capacity. 

Compression 1 to 2: s 2 = => From Eq.6.24 and 6.25 

T 2 = Tj (v 1 /v 2 ) k ‘ 1 = 540 R x 10°' 4 = 1356.4 R 

P 2 = Pjx/vj/v^ = 14 lbf/in 2 x 10 1 ' 4 = 351.7 lbf/in 2 
Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 
T 3 = T 2 + q H /C v = 1356.4 + 560/0.171 = 4631 R 

P 3 = P 2 x (T 3 /T 2 ) = 351.7 lbf/in 2 x (4631 / 1356.4) = 1201 lbf/in 2 
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10.153 

Find the missing pressures and temperatures in the previous cycle. 
Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and 6.25 

T 2 = Tj (v 1 /v 2 ) k l = 540 R x 10 °' 4 = 1356.4 R 

P 2 = Pjx( Vl /v 2 ) k = 14 lbf/in 2 x 10 1 ' 4 = 351.7 lbf/in 2 
Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 
T 3 = T 2 + q H /C v = 1356.4 + 560/0.171 = 4631 R 
P 3 = P 2 x (T 3 /T 2 ) = 351.7 lbf/in 2 x (4631 / 1356.4) = 1201 lbf/in 2 

T 4 = T 3 / (v ] /v 2 ) k ~ ' = 4631 R x 10 "°' 4 = 1843.6 R 

P 4 = P 3 / (v 1 /v 2 ) k =1201 psi x 10 ' 1 ' 4 = 47.8 lbf/in 2 
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10.154 


To approximate an actual spark-ignition engine consider an air-standard Otto 
cycle that has a heat addition of 800 Btu/lbm of air, a compression ratio of 7, and 
a pressure and temperature at the beginning of the compression process of 13 
lbf/in. 2 , 50 F. Assuming constant specific heat, with the value from Table F.4, 
determine the maximum pressure and temperature of the cycle, the thermal 
efficiency of the cycle and the mean effective pressure. 


Solution: 



3 


2 


State 1: Vj = RTj/Pj = 


53.34x510 

13x144 


= 14.532 ft 3 /lbm, v 2 = v/7 = 2.076 ft 3 /lbm 



The compression process, reversible adiabatic so then isentropic. The constant 
s is implemented with Eq.6.25 and Eq.6.24 

P 9 = = 13(7) 14 = 198.2 lbf/in 2 

T 2 = T 1 (v 1 /v 2 ) k ' 1 = 5 10(7)°- 4 = 1110.7 R 
The combustion process with constant volume, q R = 800 Btu/lbm 
T 3 = T 2 + q H /C yo = 1110.7 + 800/0.171 = 5789 R 

P 3 = P 2 T 3 /T 2 = 198.2 x 5789/1110.7 = 1033 lbf/in 2 

Cycle efficiency from the ideal cycle as in Eq.10.12 
q TH = 1 - (Tj/T^ = 1 - 510/1110.7 = 0.541 

To get the mean effective pressure we need the net work 
w. TC „ = ri x q = 0.541 x 800 = 432.8 Btu/lbm 

NET 'TH 


p 


meff 


W 


NET 


432.8x778 


v r v 2 _ (14.532-2.076)xl44 


= 188 lbf/in 2 
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10.155 


A 4 stroke 85 in . gasoline engine runs at 2500 RPM has an efficiency of 60%. 
The state before compression is 6 psia, 500 R and after combustion it is at 4400 R. 
Find the highest T and P in the cycle, the specific heat transfer added, the cycle 
mep and the total power produced. 

This is a basic 4-stroke Otto cycle. 

Compression ratio from the efficiency 

1 -k -1/04 

rj = 1 - CR => CR = (1 - rtf = 9.882 
Compression: T 2 = T^CR) 1 "' 1 = 500 x (9.882) ° A = 1250 R 

P 2 = Pj CR k = 6 x 9.882 14 = 148.2 psia 
Combustion v 3 = v 2 . Highest T and P are after combustion. 

148.2 x 4400 

T 3 = 4400 R, P 3 = P 2 T 3 / T 2 = = 521.7 psia 

q H = u 3 - u 2 = C v (T 3 - T 2 ) = 0.171 (4400 - 1250) = 538.65 Btu/lbm 

w net = Pth x 9h = 0-6 x 538.65 = 323.19 Btu/lbm 
Displacement and P me ff 

v, = RTj/Pj = 53.34 ft-lbf/lbm-R x 500 R/(144x6 psia) = 30.868 ft 3 /lbm 

v 2 = (1/9.882) Vj = 3.124 ft 3 /lbm 

_ w NET _ 323. 19x778 . 

p meff - v r v 2 “ (30.868 - 3.124) 144 “ 62,937 psia 

Now we can find the power from Eq. 10.11 

RPM 1 85 2500 1 

W — Pmeff ^displ 2 “ 62.937 x ^ x x 2 ~ ^287.6 lbf-ft/s 
= 16.9 hp 

Recall 1 hp = 550 lbf-ft/s. 
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10.156 

A for stroke gasoline engine has a compression ratio of 10:1 with 4 cylinders of 

total displacement 75 in . the inlet state is 500 R, 10 psia and the engine is 
running at 2100 RPM with the fuel adding 600 Btu/lbm in the combustion 
process. What is the net work in the cycle and how much power is produced? 

Solution: 

Overall cycle efficiency is from Eq.10.12, r v = v j/v 2 

n TH = 1 - 4' k = 1 - 10' 0 ' 4 = 0.602 
w ne t = tIth x Oh = 0.602 x 600 = 361.2 Btu/lbm 
We also need specific volume to evaluate Eqs.10.9 to 10.11 

v j = RTj / P, = 53.34 x 500 / (10 x 144) = 18.52 ft 3 /lbm 


w 


net 


w 


net 


meff 


Vl ~ V2 v l( l--) 


361.2 778 

_L _ 18.52 x 0.9 144 _ U1A psia 


Now we can find the power from Eq.10.1 1 

w = P meff v displ ^ \ = 1 1 7, 1 X X ^ x \ = 12 808 lbf-ft/s 
= 23 hp 


Recall 1 hp = 550 lbf-ft/s. 
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10.157 

An Otto cycle has the lowest T as 520 R and the lowest P as 22 psia, the highest T 
is 4500 R and combustion adds 500 Btu/lbm as heat transfer. Find the 
compression ratio and the mean effective pressure. 


Solution: 

Identify states: Tj = 520 R, Pj = 22 psia, T 3 = 4500 R, q H = 500 Btu/lbm 
Combustion: q H = u 3 - u 2 = C vo (T 3 - T 2 ) = 500 Btu/lbm 


T 2 = T 3 - Oh /C vo = 4500 -500/0.171 = 1576 R 


Compression: CR = r v = vj/v 2 = (T/rj) 1 ^'^ = 


^ 1576 ^ 
v 520 j 


2.5 


= 15.99 


Overall cycle efficiency is from Eq. 10.12, r v = vj/v 2 = 15.99 


n TH = 1 - r*' k = 1 - Tj/T 2 = 1 - 520/1576 = 0.670 
w ne t = Pth x 9 h = 0.670 x 500 = 335 Btu/lbm 
We also need specific volume to evaluate Eqs.10.9 to 10.11 

vj = RTj / P : = (53.34/144) x 520 / 22 = 8.755 ft 3 /lbm 

v 2 = vj/CR = 0.5475 ft 3 /lbm 

w net 335 Btu/lbm 778 lbf-ft/Btu 

Pmeff = Vl - v 2 = 8.755 - 0.5475 f t 3 / lbm X 144 (in/ft) 2 

= 220.5 psia 

Comment: This is too high a compression ratio for a standard Otto cycle. 
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10.158 

A gasoline engine has a volumetric compression ratio of 10 and before 
compression has air at 520 R, 12.2 psia in the cylinder. The combustion peak 
pressure is 900 psia. Assume cold air properties. What is the highest temperature 
in the cycle? Find the temperature at the beginning of the exhaust (heat rejection) 
and the overall cycle efficiency. 

Solution: 

Compression. Isentropic so we use Eqs.6.24-6.25 

P 2 = Pjtvj/v^ = 12.2 (10) 1 ' 4 = 306.45 psia 

T 2 = TjtvjA^' 1 = 520 (10)°- 4 = 1306.2 R 
Combustion. Constant volume 

T 3 = T 2 (P 3 /P 2 ) = 1306.2 x 900/306.45 = 3836 R 
Exhaust. Isentropic expansion so from Eq.6.23 

T 4 = T 3 / (vj/v/ 1 = T 3 / 10°- 4 = 3836 / 2.5119 = 1527 R 
Overall cycle efficiency is from Eq.10.12, r v = Vj/v 2 

r, = 1 - rf = 1 - 10'°' 4 = 0.602 

Comment: No actual gasoline engine has an efficiency that high, maybe 35%. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


10.159 

'1 

The cycle in Problem 10.157E is used in a 150 in. engine running at 1800 
RPM. How much power does it produce? 


Identify states: Tj = 520 R, Pj = 12 psia, T 3 = 4500 R, q H = 500 Btu/lbm 
Combustion: q H = u 3 - u 2 = C vo (T 3 - T 2 ) = 500 Btu/lbm 


T 2 = T 3 - Oh /C vo = 4500 -500/0.171 = 1576 R 


Compression: CR = r v = vj/v 2 = (T 2 /T 1 ) 1/(k ' 1) = 


^ 1576 ^ 
v 520 j 


2.5 


= 15.99 


Overall cycle efficiency is from Eq. 10.12, r v = v 1 /v 2 = 15.99 


n TH = 1 - r^' k = 1 - T,/T 2 = 1 - 520/1576 = 0.670 
w net = Bth x 9 h = 0.670 x 500 = 335 Btu/lbm 
We also need specific volume to evaluate Eqs.10.9 to 10.11 

vj = RT : / P : = (53.34/144) x 520 / 22 = 8.755 ft 3 /lbm 

v 2 = Vl /CR = 0.5475 ft 3 /lbm 


w net _ 335 Btu/lbm 778 lbf-ft/Btu 

Pmeff - Vl - v 2 - 8.755 - 0.5475 f t 3 / lbm X 144 (in/ft) 2 

= 220.5 psia 

Now we can find the power from Eq. 10.11 


RPM 1 lbf 3 

W — P me ff gQ 2 — 220.5 ^2 x 150 in. x 


1800 1 
60 ( 1/s ) x 2 


= 41 344 lbf-ft/s = 75 hp = 53 Btu/s 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


10.160 


It is found experimentally that the power stroke expansion in an internal 
combustion engine can be approximated with a polytropic process with a value of 
the polytropic exponent n somewhat larger than the specific heat ratio k. Repeat 
Problem 10.154E but assume the expansion process is reversible and polytropic 
(instead of the isentropic expansion in the Otto cycle) with n equal to 1.50. 


First find states 2 and 3. Based on the inlet state we get 

v 4 = Vj = RT 1 /P 1 = 53.34x510/13x144 = 14.532 ft 3 /lbm 

v 3 = v 2 = Vj/7 = 2.076 ft 3 /lbm 

After compression we have constant s leads to Eq.6.24 and Eq.6.25 
P 2 = P^v/v,/ = 13(7) 14 = 198.2 lbf/in 2 

T 9 = T | (v 1 /v 2 ) k ' 1 = 5 10(7)°- 4 = 1 1 10.7 R 
Constant volume combustion 

T 3 = T, + q H /C yo = 1110.7 + 800/0.171 = 5789 R 

P 3 = P 2 T 3 /T 2 = 198.2 x 5789/1110.7 = 1033 lbf/in 2 
Process 3 to 4: Pv 1 5 = constant. 

P 4 = P 3 (v 3 /v 4 ) L5 = 1033(1/7) l5 = 55.78 lbf/in 2 

T 4 = T 3 (v 3 /v 4 ) a5 = 5789(l/7) 0 ' 5 = 2188 R 

For the mean effective pressure we need the net work and therefore the 
induvidual process work terms 

jw 2 = I P dv = R(T 2 - TjVa - 1.4) 

= -53.34(1110.7 - 510)/(0.4x778) = -102.96 Btu/lbm 

3 w 4 = J P dv = R(T 4 - T 3 )/(l - 1.5) 

= -53.34(2188 - 5789)/(0.5x778) = 493.8 Btu/lbm 
w NET = 493.8 - 102.96 = 390.84 Btu/lbm 

0 cycle = Wnet/Oh = 390.84/700 = 0.488 

Pmeff = w NET /(v r v 2 ) = 390.84x778/(14.532 - 2.076) = 169.5 lbf/in 2 

Notice a smaller w NET , r| CYCLE , P m eff compared to ideal cycle. 
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10.161 


In the Otto cycle all the heat transfer g H occurs at constant volume. It is more 
realistic to assume that part of <y n occurs after the piston has started its downwards 

motion in the expansion stroke. Therefore consider a cycle identical to the Otto 
cycle, except that the first two-thirds of the total g H occurs at constant volume and 

the last one-third occurs at constant pressure. Assume the total g H is 700 Btu/lbm, 

that the state at the beginning of the compression process is 13 lbf/in. 2 , 68 F, and 
that the compression ratio is 9. Calculate the maximum pressure and temperature 
and the thermal efficiency of this cycle. Compare the results with those of a 
conventional Otto cycle having the same given variables. 




P 1 = 13 psia, T = 527.67 R 


r = v /v = 7 
v 12 


2 Btu 

‘523 = 3 x700 = 466 ' 7 ita 
1 Btu 

%4 = 3 x700 = 2333 Ita 


Constant s compression, Eqs.6.24-25 

P 2 = P : (v /v ) k = 13(9) 1-4 = 281.8 lbf/in : 


k-1 


T, = T^A^f ' = 527.67(9) 0,4 = 1270.7 R 
Constant v combustion 

T 3 = T, + q 23 /C V0 = 1270.7 + 466.7/0.171 = 4000 R 

P 3 = P 2 (T 3 /T 2 ) = 281.8 X 4000/1270.7 = 887.1 lbf/in : 
Constant P combustion 

T 4 = T 3 + q 34 /C po = 4000 + 233.3/0.24 = 4972 R 


= P 


5 1 ^ ^ oo.l Dz/.o/ 

Remaining expansion: — = — = (P/Pj) * (Tj/T 4 ) = -jy x 49?2 = 7.242 

T 5 = T 4 (v 4 /v 5 ) k_1 = 4972(1/7. 242)°' 4 = 2252 R 

q L = C^/Tg-Tj) = 0.171(2252 - 527.67) = 294.9 Btu/lbm 

r, TH = 1 - q L /q H = 1 - 294.9/700 = 0.579 

Standard Otto cycle: q TH = 1 - (9)" 0 ' 4 = 0.585 
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A diesel engine has a bore of 4 in., a stroke of 4.3 in. and a compression ratio of 
19:1 running at 2000 RPM (revolutions per minute). Each cycle takes two 
revolutions and has a mean effective pressure of 200 lbf/in. 2 . With a total of 6 
cylinders find the engine power in Btu/s and horsepower, hp. 

Solution: 


Work from mean effective pressure, Eq.10.9. 

Pmeff = w / (v - v . ) -> W = P me ff (v - V . ) 

men ne t v max mm 7 net men ^ max min 


The displacement is 

AV = TtBore 2 x 0.25 x S = n x 4 2 x 0.25 x 4.3 = 54.035 in 3 
Work per cylinder per power stroke, Eq. 10. 10 

W = Pmeff<V max - V min ) = 200 x 54.035 / (12 x 778) = 1.1575 Btu/cycle 


Only every second revolution has a power stroke so we can find the power, see 
also Eq.10.11 


• cycles min Btu 

W = W x N cvl x RPM x 0.5 (^— ) (y—) ( p) 

c y 1 v min ' v 60 s' v cycle' 


= 1.1575 x 6 x 2000 x 0.5 x (1/60) = 115.75 Btu/s 
= 115.75 x 3600/2544.43 hp = 164 hp 


The conversion factor from Btu/s to hp is from Table A.l under power. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


10.163 

A super charger is used for a diesel engine so intake is 30 psia, 580 R. The cycle 
has compression ratio of 18:1 and the mean effective pressure is 120 psia. If the 

engine is 600 in. running at 200 RPM find the power output. 

Solution: 

The power is from Eq. 10. 1 1 

W = m w ne t x N cy j x RPM x 1/60 

= m P meff (v, - v 2 ) x N cyl x RPM/60 = P meff V displ RPM/60 

= 120 x 600 in. 3 x (200 / 60) (1/s) 
in 

= 20 000 lbf-ft/s = 25.7 Btu/s = 36.6 hp 

Comment: multiply with Vi if this is a four stroke engine 
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10.164 

At the beginning of compression in a diesel cycle T = 540 R, P = 30 lbf/in 2 and 

the state after combustion (heat addition) is 2600 R and 1000 lbf/in. 2 . Find the 
compression ratio, the thermal efficiency and the mean effective pressure. 

Solution: 

Compression process (isentropic) from Eq.6.28 or p295 

P 2 = P 3 = 1000 lbf/in 2 => Vl /v 2 = (P 2 /Pi) 1/k = (1000/30) 07143 = 12.24 

t 2 = Tj^/Pj)^' 1 ^ = 540(1000/30) 0 2857 = 1470.6 R 

Expansion process (isentropic) first get the volume ratios 
v 3 /v 2 = T 3 /T 2 = 2600/1470.6 = 1.768 

V 4 /V 3 = vj/v 3 = (vj/v 2 )(v 2 /v 3 ) = 12.24/1.768 = 6.923 

The exhaust temperature follows from state 3 and constant s, Eq.6.24 

T 4 = T 3 (v 3 /v 4 ) k4 = 2600*6. 923' 0 ' 4 = 1 199 R 

q L = C v (T 4 - Tj) = 0.171(1199-540) = 112.7 Btu/lbm 

9 H = h 3 ' h 2 = c p( T 3 - T 2 ) = 0.24(2600 - 1470.6) = 271.1 Btu/lbm 

Overall performance 

q = 1 - q L /q H = 1 - 112.7 / 271.1 = 0.5843 
w =q =271.1 - 112.7 = 158.4 Btu/lbm 

net met 

v max = V! = RTj/Pj = 53.34 x 540/(30 x 144) = 6.6675 ft 3 /lbm 
Vmin = v max (V|/v 2 ) = 6.6675 / 12.24 = 0.545 ft 3 /lbm 


w 


net 


158.4 


meff 


v max v min 


6.6675 - 0.545 144 


778 j 

x — = 139.8 lbf/in 2 




Remark: This is a too low compression ratio for a practical diesel cycle. 
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10.165 

The cut off ratio is the ratio of V 3 /V 2 , see Fig. 10.18, which is the expansion while 

combustion occurs at constant pressure. Determine this ratio for the cycle in 
Problem 10.164E. 


Compression process (isentropic) from Eqs.6.23-25 

T 2 = T 1 (P 2 /P 1 ) (k ' 1)/k = 540(1000/30) 0 2857 = 1470.6 R 

Cut-off ratio: v 3 / v 2 = T 3 /T 2 = 2600/1470.6 = 1.768 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


10.166 


A diesel cycle has state 1 as 14 lbf/in. 2 , 63 F and a compression ratio of 20. For a 
maximum temperature of 4000 R find the cycle efficiency. 

Diesel cycle: P 3 = 14 psia, Tj = 522.67 R, CR = Vj/v 2 = 20 
From the inlet state and the compression we get 

T 2 = T 1 (v | /v 2 ) k "' = 522.67 R (20) a4 = 1732.4 R 

53.34x522.67 , 13.829 3 

v. = — i a i y, — = 13.829 ft 3 /lbm, = on = 0.6915 ft 3 /lbm 
l 14x144 2 20 

Constant pressure combustion relates v 3 and T 3 

v 3 = v 2 xT 3 /T 2 = 0.6915 X 4000/1732.4 = 1.5966 ft 3 /lbm 
Expansion process (isentropic and v 4 = v t ) from Eq.6.24 

T 4 = T 3 ( v 3 / v 4 ) 0 ' 4 = 4000 R (1.5966 / 13.829) 04 = 1686.6 R 
Cycle net work and efficiency 

T < ' T i , 1686.6 - 522.67 

^th - 1 ' k(T 3 - T 2 ) “ ' 1.4 (4000 - 1732.4) “ 
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Consider an ideal Stirling-cycle engine in which the pressure and temperature at 
the beginning of the isothermal compression process are 14.7 lbf/in. 2 , 80 F, the 
compression ratio is 6, and the maximum temperature in the cycle is 2000 F. 
Calculate the maximum pressure in the cycle and the thermal efficiency of the 
cycle with and without regenerators. 



Isothermal compression (heat goes out) 


Ideal Stirling cycle 
Tj = T, = 80 F 

Pj = 14.7 lbf/in 2 



T 3 = T 4 = 2000 F 


Tj = T 2 — > P 2 = P jX v l /v 2 = 14.7x6 = 88.2 

v i 53.34 

W 12 = ^12 = l n ~= ‘ j'jg x 540 In 6 = -66.3 Btu/lbm 


Constant volume heat addition 

2460 2 

V 2 = V 3 -> P 3 = P,x T 3 /T 2 = 88.2 x = 401.8 lbf/in 2 

q 23 = C vo (T 3 -T 2 ) = 0.171 (2460-540) = 328.3 Btu/lbm 
Isothermal expansion (heat comes in) 

W 34 = C l34 = RT 3 ln ( V 4 /V 3) 


= (53.34/778) x 2460 In 6 = 302.2 Btu/lbm 
w. TC „ = 302.2 - 66.3 = 235.9 Btu/lbm 

NET 

Efficiency without regenerator, (q 23 and q 34 are coming in from source) 


235.9 

^no regen - 302.2+328.3 


0.374, 


Efficiency with regenerator, (Now only q 34 is coming in from source) 


_ 235.9 
^ WITH REGEN - 302.2 


0.781 
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10.168 

Air in a piston/cylinder goes through a Carnot cycle in which T L = 560 R and the 
total cycle efficiency is r| = 2/3. Find T R , the specific work and volume ratio in 
the adiabatic expansion for constant C p , C v . 

Camot cycle efficiency from Eq.5.5 

p = 1 - T l /T h = 2/3 T H = 3 x T L = 3 x 560 = 1680 R 

Adiabatic expansion 3 to 4: Pv k = constant, work from Eq.6.29 (n = k) 

3 W 4 = ( P 4 V 4 ' P 3 V 3^ 1 ' - T 3 ) = U 3 - U 4 

= C v (T 3 - T 4 ) = 0.171 Btu/lbm-R (1680 - 540) R = 194.94 Btu/lbm 

v 4 /v 3 = (T 3 /T 4 ) 1/(k ‘ 1} = 3 2 ' 5 = 15.6 
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10.169 

Do the previous problem 10.168E using Table F.5. 

Air in a piston/cylinder goes through a Carnot cycle in which T L = 560 R and the 
total cycle efficiency is r| = 2/3. Find T H , the specific work and volume ratio in 
the adiabatic expansion for constant C p , C v . 


Camot cycle: 


p = 1 - T l /T h = 2/3 
3 w 4 = u 3 - u 4 = 302.124 - 
Adiabatic expansion 3 to 4: 

P 

° ° r» i 4 

Sj 4 — s ^3 + R In p 


= exp[(sx4 - Sj 3 )/R] = 


T = 3 x T = 3 x 560 = 1680 R 

ri L 

95.589 = 206.535 Btu/lbm 

s 4 = s 3 =^> Eq.6.19 

Table F.5 for standard entropy 



1.64852 - 1.92338 
53.34/778 


] =0.018151 


Ideal gas law then gives 

^4 2.1 ^3 560 1 

v 3 = T 3 x P 4 = 1680 x 0.0 ! 8 ! 5 ! 


18.36 
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Atkinson and Miller cycles 
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10.170 

An Atkinson cycle has state 1 as 20 psia, 540 R, compression ratio of 9 and 
expansion ratio of 14. Find the needed heat release in the combustion. 

Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8 ! => From Eq. 6.24 and Eq. 6.25 

T 2 = Tj (v,/v 2 ) k ' 1 = 540 x 9 °' 4 = 1300.4 R 

P 2 = P 1 x(v 1 /v 2 ) k = 20 X 9 14 = 433.5 psi 
The expansion backwards from P 4 = Pj gives 

P 3 = P 4 x (v 4 /v 3 ) k = P 4 x CR k = 20 x 14 1 ' 4 = 804.65 psi 
Combustion 2 to 3 at constant volume: v 3 = v 2 => P 3 = P 2 x (T 3 /T 2 ) 
Energy Eq.: u 3 = u 2 + q H => q H = C v (T 3 -T 2 ) 

Solve for T 3 from process equation 

T 3 = T 2 x (P 3 / P 2 ) = 1300.4 R x (804.65 / 433.5) = 2413.8 R 
Solve for q H from the energy equation 

q H = C v (T 3 -T 2 ) = 0.171 (2413.8 - 1300.4) = 190.4 Btu/lbm 
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10.171 

Assume we change the Otto cycle in Problem 10.152E to an Atkinson cycle by 
keeping the same conditions and only increase the expansion to give a different 
state 4. Find the expansion ratio and the cycle efficiency. 

Solution: 

Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and Eq.6.25 

T 2 = Tj (v 1 /v 2 ) k l = 540 x 10 °' 4 = 1356.4 R 

P 2 = P lX ( Vl /v 2 ) k = 14 x 10 1 ' 4 = 351.7 psi 
Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 

T 3 = T 2 + q H /C v = 1356.4 + 560/0.171 = 4631 R 

P 3 = P 2 x (T 3 /T 2 ) = 351.7 lbf/in 2 x (4631 / 1356.4) = 1201 lbf/in 2 
The expansion should now bring pressure down so P 4 = Pj 

V _F 1 /V 

P 4 = Pj = p 3 X (v 3 /v 4 ) = P 3 X CR => CR = (P 3 /P 4 ) 

0 71429 

CR = ( 1 20 1 / 1 4) = 24.04 


So now the efficiency becomes 



k 


CR - CR, 
CR k - CR k 


1-1.4 


24.04 - 10 
24.04 k - 10 k 


0.676 
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10.172 

An Atkinson cycle has state 1 as 20 psia, 540 R, compression ratio of 9 and 
expansion ratio of 14. Find the mean effective pressure. 


Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8! => From Eq.6.24 and Eq.6.25 

T 2 = Tj (v 1 /v 2 ) k_1 = 540 x 9 °' 4 = 1300.4 R 

P 2 = P 1 x(v 1 /v 2 ) k = 20 x 9 14 = 433.5 psia 
The expansion backwards from P 4 = Pj gives 

P 3 = P 4 x (v 4 /v 3 ) k = P 4 x CR k = 20 x 14 1 ' 4 = 804.65 psia 
Combustion 2 to 3 at constant volume: v 3 = v 2 => P 3 = P 2 x (T 3 /T 2 ) 
Energy Eq.: u 3 = u 2 + q H => q H = C v (T 3 -T 2 ) 

Solve for T 3 from process equation 

T 3 = T 2 x (P 3 / P 2 ) = 1300.4 x (804.65 / 433.5) = 2413.8 R 
Solve for q H from the energy equation 

q H = C v (T 3 -T 2 ) = 0.171 (2413.8- 1300.4) = 190.4 Btu/lbm 


The efficiency and net work become 


Pth - 1 _ 


CR - CRi 

k ; k 

CR k - CR k 


= 1-1.4 


14-9 

14 k _ 9 k 


0.623 


w ne t = Pth x Oh = 0.623 x 190.4 = 118.6 Btu/lbm 
Displacement (we take this as v 4 - v 2 ) and P meff 

vj = RTj/Pj = 53.34 x 540/(20 x 144) = 10.00 ft 3 /lbm 
v 2 = (1/9) vj = 1.111 ft 3 /lbm; v 4 = 14 v 2 = 15.5575 ft 3 /lbm 


w NET 118.6 778 

P meff = v 4 - v 2 = 15.5575 - 1.111 144 = 44 35 psia 
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10.173 

A Miller cycle has state 1 as 20 psia, 540 R, compression ratio of 9 and expansion 
ratio of 14. If P 4 is 30 psia find the heat release in the combustion. 


Solution: 

Solve the problem with constant heat capacity. 

Compression 1 to 2: s 2 = s 1 => From Eq. 6. 24 and Eq. 6. 25 

T 2 = Tj (v,/v 2 ) k "' = 540 x 9 °' 4 = 1300.4 R 

P 2 = P 1 x(v 1 /v 2 ) k = 20 x 9 14 = 433.5 psia 
The expansion backwards from P 4 gives 

P 3 = P 4 x (v 4 /v 3 ) k = P 4 x CR k = 30 x 14 1 ' 4 = 1207 psia 
Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 

T 3 = T 2 + qH /C v and P3 = p 2 x ( T 3 /T 2) 

T 3 = T 2 x (P 3 / P 2 ) = 1300.4 x (1207 / 433.5) = 3620.7 R 

q H = C v (T 3 - T 2 ) = 0.171 (3620.7 - 1300.4) = 396.8 Btu/lbm 
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10.174 

A Miller cycle has state 1 as 20 psia, 540 R, compression ratio of 9 and a heat 
release of 430 Btu/lbm. Find the needed expansion ratio so P 4 is 30 psia. 

Solve the problem with constant heat capacity. 

Compression 1 to 2: 82 = 8 ! => From Eq.6.24 and Eq.6.25 

T 2 = Tj (v 1 /v 2 ) k " 1 = 540 x 9 °' 4 = 1300.4 R 

P 2 = P 1 x (v 1 /v 2 ) k = 20 x 9 14 = 433.5 psia 

Combustion 2 to 3 at constant volume: u 3 = u 2 + q H 

T 3 = T 2 + q H /C v = 1300.4 + 430 / 0.171 = 3815 R 

P 3 = p 2 x (T 3 /T 2 ) = 433.5 (3815 / 1300.4) = 1271.8 psia 
The expansion should now bring pressure down to P 4 

k -k 1 /k 

P 4 = P 3 X (V 3 /V 4 ) = P 3 X CR => CR = (P 3 /P 4 ) 

0 71429 

CR = (1271.8 / 30) = 14.53 
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10.175 

Consider the Brayton cycle in problem 10.144E. Find all the flows and fluxes of 
exergy and find the overall cycle second-law efficiency. Assume the heat transfers 
are internally reversible processes and we then neglect any external irreversibility. 

Solution: 


Efficiency is from Eq.10.1 

^ = Qh 


W net _ ] r -(k-l)/k_ 1 16 -0.4/1.4 

q H _ ' r p 


0.547 


from the required power we can find the needed heat transfer 


Qh = w net / il = 14 000 / 0.547 = 25 594 Btu/s 


m = Qh / 9h = 25 594 (Btu/s) / 400 Btu/lbm = 63.99 lbm/s 

Temperature after compression is 

(k- 1 )/k 0.4/1.4 T1 . Q 

T 2 = T 1 r =519.67 x 16 = 1148 R 


The highest temperature is after combustion 


400 


T 3 = T 2 + q H /C p = H48 + 0)24 = 2815 R 


For the exit flow I need the exhaust temperature 

T 4 = T 3 r p _(k l)/k = 2815 x 16" 0 ' 2857 = 1274.8 R 
The high T exergy input from combustion is 


® H = m(v|/, - v|/,) = m[h, - h 0 - T(s, - s 0 )j 


2815 


= 63.99 [400 - 536.67 x 0.24 In (y^)] = 17 895 Btu/s 
Since the low T exergy flow out is lost the second law efficiency is 


r, n = W NET /® H = 14 000/ 17 895 = 0.782 


® n = m(\i/ . - w ) = m[h . - h - T(s . - s )] 

flow out VY 4 Y o y L 4 o v 4 o /J 

1274.8 

= 63.99 [ 0.24(1274.8 - 536.7) - 536.7 x0.24 In (y^ry ) ] = 4205 Btu/s 

6 flow in = “(Vt - ¥ 0 ) = m[h : - h o - T( S j - s q )] 

519.7 

= 63.99 [ 0.24(60 - 77) - 536.7 x 0.24 In ( ) ] = 4.2 Btu/s 
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10.176 

The Brayton cycle in problem 10.141E has a heat addition of 350 Btu/lbm. What 
is the exergy increase in this process? 

Solution: 

Combustion: h 3 = h 2 + q H ; 2 W 3 = 0 and T max = T 3 = 2500 R 

T 2 = T 3 - q H /C P = 2500 - 350/0.24 = 1041.67 R 
Now the exergy increase from 2 to 3 becomes (P 3 = P 2 ) 

V 3 - ^2 = h 3 ■ h 2 ' T 0 (s 3 ' S 2^ = Oh - T o c p ln(T 3 /T 2 ) 

2500 

= 350 - 536.7 x 0.24 In ( 1Q41 6? ) 

= 237.2 Btu/lbm 
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10.177 

Solve Problem 10.149E assuming an isentropic turbine efficiency of 85% and a 
nozzle efficiency of 95%. 

Solution: 

C.V. Turbine: hj = 560.588 Btu/lbm, s^ = 1.99765 Btu/lbm R, s es = S; 
Then from Eq.6.19 

=> s£ es = Sj i + R ln(P e /Pj) = 1.99765 + in (35/220) = 1.8716 

Table F.5 T es = 1382 R, h es = 338.27 Btu/lbm, 

Energy eq.: w T s = hj - h es = 560.588 - 338.27 = 222.3 Btu/lbm 

Eq.7.27: w T AC = w Js x q T = 188.96 = h. - => = 371.6 

Table F.5 => T Ar , = 1509R, sl= 1.8947 Btu/lbm R 

e,AC 1 e 

C.V. Nozzle: h; = 371.6 Btu/lbm, s^j = 1.8947 Btu/lbm R, s es = Sj 
Then from Eq.6.19 

o o 53.34 14.7 Btu 

s Tes - s xi + R l n (Pe^i) — 1-8947 + -^g In ( ) - 1.8352 ^ 

Table F.5 => T =1 199.6 R, h = 291.3 Btu/lbm 

e,s e,s 

Energy Eq.: (1/2)V 2 = h. - h = 371.6 - 291.3 = 80.3 Btu/lbm 

c^s 1 e,s 

Eq.7.30: (l/2)V e 2 c = (1/2)V * g x il N0Z = 76.29 Btu/lbm 

V . _ = -s/2 x 25037 x 76.29 = 1954 ft/s 

Recall 1 Btu/lbm = 25 037 ft 2 /s 2 
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10.178 

Solve Problem 10.141E with variable specific heats using Table F.5. 

In a Brayton cycle the inlet is at 540 R, 14 psia and the combustion adds 350 
Btu/lbm. The maximum temperature is 2500 R due to material considerations. 
Find the maximum permissible compression ratio and for that the cycle efficiency 
using cold air properties. 

Solution: 

Combustion: h 3 = h 2 + q H ; 2 W 3 = 0 an d T max = T 3 = 2500 R 
h 2 = h 3 - q H = 645.721 - 350 = 295.72 Btu/lbm 
From Table F. 5 find T 2 from h 2 

T 2 = 1216.8 R; s^ 2 = 1.83883 ; Tj = 540 R; s^ = 1.63979 Btu/lbm-R 
Reversible adiabatic compression leads to constant s, from Eq.6.19: 

P 2 / Pi = exp[ (s^ 2 - s^)/R ] = exp(2.90313) = 18.231 

Reversible adiabatic expansion leads to constant s, from Eq.6.19 
O O 53.34 1 

s T4 = s T3 + R ln(P 4 /P 3 ) = 2.03391 + In Yg^yj" = 1-83487 Btu/lbm-R 

From Table F.5. 1 by linear interpolation T 4 = 1 197.9 R, h 4 = 290.905 Btu/lbm 

w T = h 3 - h 4 = 645.721 - 290.905 = 354.82 Btu/lbm 
w c = h 2 - hj = 295.72 - 129.18 = 166.54 Btu/lbm 
w net = w x - w c = 354.82 - 166.54 = 188.28 Btu/lbm 
ii~\ = w net / q H = 188.28 / 350 = 0.538 
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10.179 


Consider an ideal gas-turbine cycle with two stages of compression and two 
stages of expansion. The pressure ratio across each compressor stage and each 
turbine stage is 8 to 1. The pressure at the entrance to the first compressor is 14 

lbf/in. 2 , the temperature entering each compressor is 70 F, and the temperature 
entering each turbine is 2000 F. An ideal regenerator is also incorporated into the 
cycle. Determine the compressor work, the turbine work, and the thermal 
efficiency of the cycle. 


This is as in Fig. 10.6 



P 2 / p i = P 4 /P 3 = P 6 /P 7 = P 8 /P 9 = 8.0 
P 1 = 14 lbf/in 2 

Tj = T 3 = 70 F, T 6 = T g = 2000 F 

Assume const, specific heat 
s 2 = Sj and s 4 = s 3 

k-l 

T 4 = T 7 = Tj/PyPj) k = 529.67(8) 0 ' 2857 



Total compressor work 

-w c = 2 x(-w 12 ) = 2C po (T 2 - Tj) = 2 x 0.24(959.4 - 529.67) = 206.3 Btu/lbm 
Also s, = s„ and s„ = s„ 

o / o y 


=^> T =T =T 

7 9 6 


V P 6y 


k-l 


A A 


= 2459.67 


0.2857 


v8j 


Total turbine work 


1357.9 R 


w T = 2x w 6? = 2C po (T 6 - T ? ) = 2 x 0.24(2459.67 - 1357.9) = 528.85 Btu/lbm 
w. IC „ = 528.85 - 206.3 = 322.55 Btu/lbm 

NET 
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Ideal regenerator: T g = T g , T |() = T ( 

^ q H = (h 6 ' h 5 ) + (h g - h ? ) = 2C po (T 6 - T 5 ) 

= 2 x 0.24(2459.67 - 1357.9) = w T = 528.85 Btu/lbm 
r) TH = w NET /q H = 322.55/528.85 = 0.61 
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10.180 

Consider an ideal air- standard diesel cycle where the state before the compression 
process is 14 lbf/in. 2 , 63 F and the compression ratio is 20. Find the maximum 
temperature (by iteration) in the cycle to have a thermal efficiency of 60%. 

Diesel cycle: Pj= 14, Tj = 522.67 R, v 3 /v 2 = 20, r| TH = 0.60 
From the inlet state and the compression we get 
T 2 = T 1 (v | /v 2 ) k "' = 522.67(20) 0 ' 4 = 1732.4 R 

53.34x522.67 3 13.829 3 

v. = — ,a aaa — = 13.829 ft 3 /lbm, v = on = 0.6915 ft 3 /lbm 

1 14x144 2 20 

Constant pressure combustion relates v 3 and T, 

v 3 = v 2 xT 3 /T 2 = 0.6915xT 3 /1732.4 = 0.000399 T, 

The expansion then gives T 4 interms of T, 

T 3 / V 4\k-! / 13.829 W 1.4 

T 4 -\v 3 ^ _ MX000399 T/ ^ T 4 - 0.0153 T 3 

Now these T’s relate to the given efficiency 

Vh 0.0153 T 3 ' 4 -522.67 
n TH = 0.60 = 1 - k(T 3 -T 2 ) = 1 ' 1.4(T 3 - 1732.4) 

=> 0.0153 T 3 ' 4 - 0.56 T 3 +447.5 = 0 

Trial and error on this non-linear equation 

5100 R:LHS = -35.54, 5500 R: LHS = 5.04, 5450 R: LHS = -0.5 

Linear interpolation, T 3 = 5455 R 
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10.181 

Repeat Problem 10.179E, but assume that each compressor stage and each turbine 
stage has an isentropic efficiency of 85%. Also assume that the regenerator has an 
efficiency of 70%. 


T 4S = T\ s = 959.4 R, -w cs = 206.3 
T ?s = T 9S = 1357.9 R, w TS = 528.85 
w c = = 242.7 Btu/lbm 


sc 'sc 


w p = w 34 = 242.7/2 = 121.35 Btu/lbm 

T 2 = T 4 = T 1 + W 12^P0 

= 529.67 + 121.35/0.24 = 1035.3 R 



w T = r| T w JS = 0.85 x 528.85 = 449.5 Btu/lbm 

Energy Eq. for actual turbines 

T = T = T , - w A7 /C Dn = 2459.67 - 449.5/2x0.24 = 1523 R 

Regenerator efficiency 

h 5 -h 4 T 5 -T 4 T s - 1035.3 

11 REG = h 9 -h 4 = T 9 -T 4 = 1523 - 1035.3 = 0J ^ T 5 = 1376 J R 
The two combustors, heat addition 
% = C P 0 ( T 6 - T 5 ) + C P 0 ( T 8 - T V) 

= 0.24(2459.67 - 1376.7) + 0.24(2459.67 - 1523) 

= 484.7 Btu/lbm 

w XT ™ = w„ + w„ = 449.5 - 242.7 = 206.8 Btu/lbm 

iNJb lie 

i1 th = w net /c 1h = 206.8/484.7 = 0.427 
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In-Text Concept Questions 
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ll.a 

Are the mass and mole fractions for a mixture ever the same? 

Generally not. If the components all had the same molecular mass the mass and 
mole fractions would be the same. 

ll.b 

For a mixture how many component concentrations are needed? 

A total of N-l concentrations are needed, N equals total number of components, 
whether mass or mole fractions. They must sum up to one so the last one is by 
default. 

ll.c 

Are any of the properties (P, T, v) for oxygen and nitrogen in air the same? 

In any mixture under equilibrium T is the same for all components. 

Each species has its own pressure equal to its partial pressure Pj. 

The partial volume for a component is: Vj = V/nij and V is the same for all 
components so Vj is not. 
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ll.d 

If I want to heat a flow of a 4 component mixture from 300 to 310 K at constant 
P, how many properties and which ones do I need to know to find the heat 
transfer? 

You need to know the flow rate, the four mass fractions, and the 
component specific heat values (or the h values at both temperatures). 

ll.e 

To evaluate the change in entropy between two states at different T and P values 
for a given mixture, do I need to find the partial pressures? 

Not necessarily provided it is an ideal gas. If the mixture composition does not 
change then the mixture can be treated as a pure substance where each of the 
partial pressures is a constant fraction of the total pressure, Eq.11.10 and the 
changes in u, h and s can be evaluated with the mixture properties as in Eqs. 
11.20-24. 

If constant specific heat is an inappropriate model to use then u, h and a standard 
entropy must be evaluated from expressions as in Eqs. 11. 11-12 and 11.16, this is 
precisely what is done to make the air tables A.7 from the nitrogen, oxygen and 
argon properties. 

If the substance is not an ideal gas mixture then the properties will depend on the 
partial pressures. 
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ll.f 

What happens to relative and absolute humidity when moist air is heated? 

Relative humidity decreases, while absolute humidity remains constant. 
See Figs. 11.8 and 11.9. 


ll.g 

If I cool moist air, do I reach the dew first in a constant-P or constant-V process? 

The constant- volume line is steeper than the constant-pressure line, 
see Fig. 1 1.3. Saturation in the constant-P process is at a higher T. 



ll.h 

What happens to relative and absolute humidity when moist air is cooled? 

Relative humidity increase, while absolute humidity remains constant until 
we reach the dew point. See Figs. 11.8 and 1 1 .9. If we cool below the dew point 
the relative humidity stays at 100% and the absolute humidity (humidity ratio) 
drops as water condenses to liquid (or freezes to solid) and drops out of the gas 
mixture. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


ll.i 

Explain in words what the absolute and relative humidity expresses? 

Absolute humidity is the ratio of the mass of vapor to the mass of dry air. It says 
how much water is there per unit mass of dry air. 

Relative humidity is the ratio of the mole fraction of vapor to that in a saturated 
mixture at the same T and P. It expresses how close to the saturated state the 
water is. 


11-j 

An adiabatic saturation process changes ®, co and T. In which direction? 

Relative humidity and absolute humidity increase, and temperature decreases. 
Why does the temperature decrease? The energy to evaporate some liquid water 
to go into the gas mixture comes from the immediate surroundings to the liquid 
water surface where water evaporates, look at the dashed curve in Fig. 11.9. The 
moist air and the liquid water both cool down. 
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Concept-study Guide Problems 
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11.1 

Equal masses of argon and helium are mixed. Is the molecular mass of the 
mixture the linear average of the two individual ones? 

No. The individual molecular masses must be combined using the mole fractions 
as in: 


Mmix X YjMj 
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11.2 

A constant flow of pure argon and pure helium are mixed to produce a flow of 
mixture mole fractions 0.25 and 0.75 respectively. Explain how to meter the inlet 
flows to ensure the proper ratio assuming inlet pressures are equal to the total exit 
pressure and all temperatures are the same. 


The inlet flow rate in terms of mass or moles is the same as the exit rate for each 
component in the mixture. Since the inlet P for each component is the same as the 
total exit P (which is the sum of the partial pressures if ideal gas) then the volume 
flow rates in and out are different for each species. 


P Yj = iiii R{I = nj RT 
p V tot = n tot RT 

We can therefore meter the volume flow rate Vj to be proportional to rq for each 
line of the inlet flows. From these two equations we can get the ratio as 


v / V tot = Aj / n tot = Yi 
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11.3 

For a gas mixture in a tank are the partial pressures important? 

Yes. The sum of the partial pressures equals the total pressure and if they are 
ideal gases the partial pressures are equal to the mole fraction times the total 
pressure so 


Pi = yi P 


and 2 Pj = 2 yi P = P 
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11.4 

An ideal mixture at T, P is made from ideal gases at T, P by charging them into a 
steel tank. Assume heat is transferred so T stays the same as the supply. How do 
the properties (P, v and u) for each component change up, down or constant? 

Solution: 

Ideal gas: u = u(T) so constant 

P drops from P to partial Pj 

v increases from v at P to v at Pj same T 
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11.5 

An ideal mixture at T, P is made from ideal gases at T, P by flow into a mixing 
chamber without any external heat transfer and an exit at P. How do the properties 
(P, v and h) for each component change up, down or constant? 

Solution: 


Ideal gas: h mjx = X (Cihj) out = X (Cjhj) in same function of T 

so constant T and then also constant hj 
P drops from P to partial Pj 
v increases from v at P to v at Pj same T 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


11.6 

If a certain mixture is used in a number of different processes do I need to 
consider partial pressures? 

No. If the mixture composition stays the same, the pressure for each component, 
which is a partial pressure, is the same fraction of the total pressure, thus any 
variation follows the total pressure. Recall air is a mixture and we can deal with 
most processes involving air without knowledge about its composition. 

However, to make the air properties we do need to deal with the composition but 
only once. 
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11.7 

Why is it that I can use a set of tables for air, which is a mixture, without dealing 
with its composition? 

As long as the composition is fixed any property is a fixed weighted average of 
the components properties and thus only varies with T and total P. 

A process that will cool air to saturation and condensation can not be handled by 
the air tables. In such a process the composition of the liquid and vapor mixtures 
are different. 
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11.8 

Develop a formula to show how the mass fraction of water vapor is connected to 
the humidity ratio. 

By definition the mass concentration is 

m v m v /m a 0) 

c - m a + m v _ 1 + m v / m a _ 1 + co 

and since co is small then 1 + go ~ 1 and c is close to co (but not equal to). 
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11.9 

For air at 1 10°C and 100 kPa is there any limit on the amount of water it can 
hold? 

No. Since P g = 143.3 kPa at 1 10°C and P v < 100 kPa co can be infinity. 

P P 

co = 0.622 f = 0.622 V 
*a P Pv 

As P v approaches P, w goes towards infinity. 
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11.10 

Can moist air below the freezing point, say -5°C, have a dew point? 

Yes. At the dew point, water would begin to appear as a solid. It snows. 
Since it is frost forming on surfaces rather than dew, you can call it frost point. 



The contrails 
after the jets 
are tiny ice 
particles 
formed due 
to the very 
low (-40 C) 
temperature 
at high 
altitudes. 
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11.11 

Why does a car with an air-conditioner running often have water dripping out? 

The cold evaporator that cools down an air flow brings it below the dew point 
temperature and thus condenses water out. 
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11.12 

Moist air at 35°C, 0 = 0.0175 and ® = 50% should be brought to a state of 20°C, 
w = 0.01 and ® = 70%. Do I need to add or subtract water? 

The humidity ratio (absolute humidity) expresses how much water vapor is 
present in the mixture 

w = m v / m a 

so to decrease 0 we must subtract water from the mixture. 

The relative humidity expresses how close to the saturated state the vapor is as 

<b = P v /P g 

and not about how much water there is. 
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Mixture composition and properties 
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11.13 

If oxygen is 21% by mole of air, what is the oxygen state (P, T, v) in a room at 
300 K, 100 kPa of total volume 60 m 3 ? 

The temperature is 300 K, 

The partial pressure is P = yP tot = 0.21 x 100 = 21 kPa. 

At this T, P: 

v 02 = RT/P 02 = 0.2598 kJ/kg-K x 300 K / 21 kPa = 3.71 1 m 3 /kg 
Remark: If we found the oxygen mass then m ()2 v 02 = V = 60 m 
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11.14 

A 3 L liquid mixture is 1/3 of each of water, ammonia and ethanol by volume. 
Find the mass fractions and total mass of the mixture. 

Each component has a partial volume of 1 L = 0.001 m 

m water = V/Vf = 0.001 m 3 / (0.001 m 3 /kg) = 1 kg 
m amm = V/v f = 0.001 m 3 x 604 kg/m 3 = 0.604 kg 
m ethanol = V/Vf = 0.001 m 3 x 783 kg/m 3 = 0.783 kg 

The Vf for water is from Table B.1.1 and vy = 1/p is from A. 4 

Total mass is: m = 1 + 0.604 + 0.783 = 2.387 kg 

c water = m water /m = 1 1 2 - 387 = 0-419 
c amm = m anirn l ' m = 0.604 / 2.387 = 0.253 
c ethanol = m ethanol/ m = 0-783 /2.387 = 0.328 
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11.15 

A flow of oxygen and one of nitrogen, both 300 K, are mixed to produce 1 kg/s 
air at 300 K, 100 kPa. What are the mass and volume flow rates of each line? 


For the mixture, M = 0.21x32 + 0.79x28.013 = 28.85 
For 0 2 , c = 0.21 x 32/ 28.85 = 0.2329 

For N 2 , c = 0.79 x 28.013 / 28.85 = 0.7671 

Since the total flow out is 1 kg/s, these are the component flows in kg/s. 
Volume flow of 0 2 in is 


V = cm v = cm “jy = 0.2329 kg/s 
Volume flow of N 2 in is 


0.2598 kJ/kg-K x 300 K 


100 kPa 


V = cm v = cm = 0.7671 kg/s 


0.2968 kJ/kg-K x 300 K 


100 kPa 
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11.16 

A gas mixture at 20°C, 125 kPa is 50% N 2 , 30% H 2 0 and 20% 0 2 on a mole 

basis. Find the mass fractions, the mixture gas constant and the volume for 5 kg of 
mixture. 

Solution: 

The conversion follows the definitions and identities: 

From Eq. 11.3: cj = yj Mj/ X YjMj 

From Eq.11.5: 

M mix = X YjMj = 0.5x28.013 + 0.3x18.015 + 0.2x31.999 

= 14.0065 + 5.4045 + 6.3998 = 25.81 1 
c N2 = 14.0065 / 25.81 1 = 0.5427, c H20 = 5.4045 / 25.811 = 0.2094 

c 02 = 6.3998/ 25.811 = 0.2479, sums to 1 OK 
From Eq.11.14: 

Rmix = R/M mix = 8.3145 kJ/kmol-K / 25.81 1 kg/kmol = 0.3221 kj/kg K 
V = mR mix T/P = 5 kg x0.3221 kJ/kg-K x393.15 K/125 kPa = 5.065 m 3 
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11.17 


p V = m R^T 


A mixture of 60% N 2 , 30% Ar and 10% O 2 on a mass basis is in a cylinder at 250 

kPa, 310 K and volume 0.5 m . Find the mole and the mass fractions and the mass 
argon. 

Solution: 

Total mixture 

Mixture composition: c’s for (N 2 , Ar, 0 2 ) = (0.6, 0.3, 0.1) 

From Eq.11.15: 

Rmix = Z qRi = 0.6 x 0.2968 + 0.3 x 0.2081 + 0.1 x 0.2598 

= 0.26629 kJ/kg K 

riw;n ^ 250 kPa x 0,5 m 3 

m - pv/R mix T - 0.26649 kJ/kg-K x 310 K “ 1,513 kg 

m ar = 0.3 m = 0.454 kg 


From Eq.11.4: 

Yi = (Cj / Mj) / Z Cj/Mj 




c i 

Mi 

Cj/Mj 

Yi 

n 2 

0.6 

28.013 

0.02141 

0.668 

Ar 

0.3 

39.948 

0.00751 

0.234 

o 2 

0.1 

31.999 

0.003125 

0.032055 

0.098 roundup 
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11.18 

A slightly oxygenated air mixture is 69% N 2 , 1% Ar and 30% O 2 on a mole basis. 
Assume a total pressure of 101 kPa and find the mass fraction of oxygen and its 
partial pressure. 

Solution: 

From Eq. 11.3: Cj = yj Mj/ Z yjMj 

Eq.11.5: 

M mix = Z yjMj = 0.69x28.013 + 0.01x39.948 + 0.3x31.999 = 29.328 
c N2 = (0.69x28.013) / 29.328 = 0.659 
c Ar = (0.01x39.948) / 29.328 = 0.014 
c Q2 = (0.3x3 1 .999) / 29.328 = 0.327, sums to 1 OK 
From Eq.11.10: 

p 02 = Yo2 p = 0.3 x 101 = 30 - 3 kPa 
R mix = R/M mIx = 8.3145 kJ/kmol-K / 29.328 kg/kmol = 0.2835 kJ/kg K 
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11.19 

A new refrigerant R-407 is a mixture of 23% R-32, 25% R-125 and 52% R-134a 
on a mass basis. Find the mole fractions, the mixture gas constant and the mixture 
heat capacities for this new refrigerant. 

Solution: 

From the conversion in Eq.l 1.4 we get: 



c i 

Mi 

Cj/Mj 

Yi 

R-32 

0.23 

52.024 

0.004421 

0.381 

R-125 

0.25 

120.022 

0.002083 

0.180 

R-134a 

0.52 

102.03 

0.0050965 

0.0116005 

0.439 


Eq.11.15: 

Rmix = Z qRi = 0.23 x 0.1598 + 0.25 x 0.06927 + 0.52 x 0.08149 

= 0.09645 kj/kg K 

Eq.l 1.23: 

C P mix = Z q C P j = 0.23 x 0.822 + 0.25 x 0.791 + 0.52 x 0.852 

= 0.8298 kj/kg K 

Eq.11.21: 

C v mix = Z qC v j = 0.23 x 0.662 + 0.25 x 0.721 + 0.52 x 0.771 
= 0.7334 kj/kg K ( = C P mix - R mix ) 
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11.20 

In a car engine gasoline (assume octane C x Hi S j is evaporated and then mixed with 
air in a ratio of 1:15 by mass. In the cylinder the mixture is at 750 kPa, 650 K 
when the spark fires. For that time find the partial pressure of the octane and the 
specific volume of the mixture. 


Assuming ideal gas the partial pressure is Pj = yj P and c C8H18 = 1/16 = 0.0625 

From Eq. 1 1 .4: yj = [q /MjJ / X Cj/Mj 

0.0625/114.232 _nnnsis* 

ycsHis- 0.0625/114.232 + 0.9375/28.97 - 0 - 008186 

P C8H18 = 0.008186 x 750 = 6.14 kPa 

The gas constant from Eq. 11.15: 

Rmix = Z qRj = 0.0625 x 0.07279 + 0.9375 x 0.287 = 0.27361 kJ/kg K 
Vmix = RmixT/P = 0.27361 x 650/750 = 0.2371 m 3 /kg 
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11.21 

A 100 m storage tank with fuel gases is at 20°C, 100 kPa containing a mixture of 
acetylene C 2 H 2 , propane C 3 H 8 and butane C 4 H 10 - A test shows the partial 

pressure of the C 2 H 2 is 15 kPa and that of C 3 H 8 is 65 kPa. How much mass is 
there of each component? 

Solution: 

Assume ideal gases, then the ratio of partial to total pressure is the mole 
fraction, y = P/P tot 

y c2H 2 = 15/100 = 0.15, y C3H8 = 65/100 = 0.65, y C4H io = 20/100 = 0.20 

PV 100 kPax 100 m 3 

ntot - - 8.31451 kJ/kmol-K x 293.15 K “ 4-1027 kmo1 

JK1 

m C2H2 = ( nM )c2H2 = Yc 2H2 n tot M C2H2 

= 0.15x4.1027 kmol x26.038 kg/kmol = 16.024 kg 

m C3H8 = ( n M)c3H8 = Yc3H8 n tot Mc3H8 

= 0.65x4.1027 kmol x44.097 kg/kmol = 117.597 kg 

m C4HlO = ( nM )c4HlO = YC4H10 n tot M C4HlO 

= 0.20x4.1027 kmol x58.124 kg/kmol = 47.693 kg 
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11.22 

A 2 kg mixture of 25% N 2 , 50% O 2 and 25% CO 2 by mass is at 150 kPa and 300 
K. Find the mixture gas constant and the total volume. 

Solution: 

From Eq. 11.15: 

Rmix = Z qRi = 0.25 x 0.2968 + 0.5 x 0.2598 + 0.25 x 0.1889 

= 0.2513 kj/kg K 

Ideal gas law: PV = mR mix T 

V = rnR mix T/P = 2 kg x 0.2513 kJ/kg-K x 300 K /150 kPa = 1.005 m 3 
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11.23 

A diesel engine sprays fuel (assume n-Dodecane C 12 H 26 , M = 170.34 kg/kmol) 
into the combustion chamber so it becomes filled with an amount of 1 mol fuel 
per 88 mol air. Find the fuel fraction on a mass basis and the fuel mass for a 
chamber that is 0.5 L at 800 K and total pressure of 4000 kPa. 


From Eq. 11.3: Cj = yj Mj/ X yjMj 

(1/89) x 170.34 

Cfuel “ (1/89) x 170.34 + (88/89) 28.97 “ 006263 


Use ideal gas for the fuel vapor 

_ p fuel v _ (1/89) x 4000 kPax 0,0005 m3 
mfuel “ Rfuel T “ (8.3145/170.34) kJ/kg-K x 800 K “ °‘ 575 8 

We could also have done the total mass and then used the mass fraction 

Eq. 11.5: M mix = Z yjMj = (1/89) x 170.34 + (88/89) x 28.97 = 30.558 

R mix = R/M mix b= 8.3145 / 30.558 = 0.27209 
m = PV / R mix T = 4000 x 0.0005 /(0.27209 x 800) = 0.009188 kg 
m^ei = c fue i m = 0.06263 x 0.009188 kg = 0.000575 kg = 0.575 g 
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11.24 

A new refrigerant R-410A is a mixture of R-32 and R-125 in a 1:1 mass ratio. 
What are the overall molecular mass, the gas constant and the ratio of specific 
heats for such a mixture? 


Eq. 11.5: 


1 


M= ZyjMj=l/Z(c j /M j )=— r 


= 72.586 


+ 


52.024 ' 120.022 

Eq.11.15: 

Rmix = Z CiRj = 0.5 x 0.1598 + 0.5 x 0.06927 = 0.1145 kj/kg K 

8.3145 kJ/kmol-K ^ 

= RMmix =“72.586 kg/kmol = same (from Eq.11.14) 


Eq. 11.23: 

C P mix = Z q C P j = 0.5 x 0.822 + 0.5 x 0.791 = 0.8065 kJ/kg K 


Eq.11.21: 

Cy ^x = Z qC v j = 0.5 x 0.662 + 0.5 x 0.722 = 0.692 kj/kg K 

( = Cp mix “ ^mix ) 

kmix = Cp m j x / Cy m j x = 0.8065 / 0.692 = 1.1655 
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11.25 

Do Problem 11.24 for R-507a which is 1:1 mass ratio of R- 125 and R-143a. The 
refrigerant R-143a has molecular mass of 84.041 kg/kmol and C p = 0.929 kJ/kg- 

K. 

Refrigerant R-143a is not in Table A. 5 so: 


R = R/M = 8.3145 kJ/kmol-K / 84.041 kg/kmol = 0.098934 kJ/kg-K 
C v = C p - R = 0.929 - 0.098934 = 0.8301 kJ/kg-K 

Eq.11.5: 

M = Xy j Mj = =l/Z(cj/M j )= Q5 1 q - ^ = 98.859 

120.022 + 84.041 


Eq.11.15: 

Rmix = Z qRi = 0.5 x 0.06927 + 0.5 x 0.098934 = 0.0841 kj/kg K 
- 8.3145 kJ/kmol-K 

= R/Mmix = 98.859 kg/kmol = same (thls 1S from Ec l- 1 1 • 14 ) 


Eq. 11.23: 

C P mix = Z q C P j = 0.5 x 0.791 + 0.5 x 0.929 = 0.86 kJ/kg K 


Eq.11.21: 

C v mix = Z qCy i = 0.5 x 0.722 + 0.5 x 0.8301 = 0.776 kj/kg K 
( — Cp mix “ E mix ) 


kmix = C P mix / C v mix = 0.86 / 0.776 = 1.108 
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Simple processes 
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11.26 

A rigid container has 1 kg CO 2 at 300 K and 1 kg argon at 400 K both at 150 kPa. 
Now they are allowed to mix without any heat transfer. What is final T, P? 

No Q, No W so the energy equation gives constant U 
Energy Eq.: 

u 2 - Ui = 0 = m C o 2 (U 2 - U 1 ) C0 2 + m Ar( u 2 “ u 1 JAr 

= m C02 C v C02( T 2 “ T l)c02 + m Ar C v Ar( T 2 “ T l)Ar 
= (1x0.653 + 1x0.312) kJ/K x T 2 - (1x0.653x300 + 1x0.312x400) kJ 

T 2 = 332.3 K, 

V = Vt = V C02 + V Ar = m C02 R C02 T C02 /P + m Ar R Ar T Ar /P 

= (1x0.1889x300 + 1x0.2081x400) kJ /150 kPa = 0.932 73 m 3 
Pressure from ideal gas law and Eq.11.15 for R 

mR = 1 kg x 0.1889 kJ/kg-K + 1 kg x 0.2081 kJ/kg-K = 0.397 kJ/K 

P 2 = mRT/V = 0.397 kJ/K x 332.3 YU 0.932 73 m 3 = 141.4 kPa 

r n 



v j 
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11.27 


At a certain point in a coal gasification process, a sample of the gas is taken and 
stored in a 1-L cylinder. An analysis of the mixture yields the following results: 
Component H 2 CO C0 2 N 2 

Percent by mass 2 45 28 25 

Determine the mole fractions and total mass in the cylinder at 100 kPa, 20°C. 

How much heat transfer must be transferred to heat the sample at constant volume 
from the initial state to 100°C? 

Solution: 

Determine mole fractions from Eq. 1 1 .4: yj = (q / Mj) / X Cj/Mj 


X Cj / Mj = 0.02 / 2.016 + 0.45 / 28.01 + 0.28 / 44.01 + 0.25 / 28.013 

= 0.009921 + 0.016065 + 0.006362 + 0.00892 = 0.041268 kmol/kg 
M mix = 1 / Z Cj/Mj = 1/0.041268 = 24.232 kg/kmol 
From Eq.11.4 

y H2 = 0.009921 x 24.232 = 0.2404 y co = 0.016065 x 24.232 = 0.3893 

y co2 = 0.006362 x 24.232 = 0.1542 y N2 = 0.00892 x 24.232 = 0.2161 


Rmix = R/M mix = 8.3145 kJ/kmol-K /24.232 kg/kmol = 0.34312 kJ/kg-K 
PV 100 kPa x 10' 3 m 3 


m = 


RT 0.34312 kJ/kg-K x 293.15 K 
C V0 MIX = z Cj C V0 J = 0.02 X 10.085 + 0.45 x 0.744 


= 9.942xl0' 4 kg 


+ 0.28 x 0.653 + 0.25 x 0.745 = 0.9056 kJ/kg K 
lQ 2 = U 2 -Uj = mC yo (T 2 -T 1 ) 

= 9.942 xlO' 4 kg x 0.9056 kJ/kg-K x( 100-20) K = 0.0720 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


11.28 

The mixture in Problem 1 1.22 is heated to 500 K with constant volume. Find the 
final pressure and the total heat transfer needed using Table A. 5. 

Solution: 

C.V. Mixture of constant volume. 

Process: V = constant => jW 2 = j P dV = 0 

Energy Eq.: ,Q 2 = m(u 2 - u : ) = m C Vm i x (T 2 - Tj) 

Ideal gas: PV = mRT => P 2 = P](T 2 / T 1 )(V ] /V 2 ) 

p 2 = p l T 2/ T l = 150 kPa x 500/300 = 250 kPa 
From Eq. 11.21: 

Cymix = Z qCy i = 0.25 x 0.745 + 0.5 x 0.662 + 0.25 x 0.653 
= 0.6805 kJ/kg K 

jQ 2 = 2 kg x 0.6805 kJ/kg-K (500 - 300) K = 272.2 kj 
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11.29 

The mixture in Problem 1 1.22 is heated up to 500 K in a constant pressure 
process. Find the final volume and the total heat transfer using Table A. 5. 

Solution: 

C.V. Mixture 

Process: P = constant => jW 2 = J P dV = P( V 2 - Vj) 

Energy Eq.: iQ 2 = m(u 2 - u : ) + ,W 2 = m(u 2 - u : ) + Pm( v 2 - 

= m(h 2 - hj) = m C P mix (T 2 - Tj) 

From Eq.11.15: 

Rmix = Z qRi = 0.25 x 0.2968 + 0.5 x 0.2598 + 0.25 x 0.1889 
= 0.2513 kJ/kgK 
From Eq. 11.23: 

C P mix = Z q C P j = 0.25 x 1.042 + 0.5 x 0.922 + 0.25 x 0.842 
= 0.932 kJ/kg K 
v 2 = m Rmix T 2 /P 2 

= 2 kg x 0.2513 kJ/kg-K x 500 K/150 kPa = 1.675 m 3 
iQ 2 = 2 kg x 0.932 kJ/kg-K (500 - 300) K = 372.8 kj 
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11.30 

A flow of 1 kg/s argon at 300 K and another flow of 1 kg/s CO 2 at 1600 K both at 
150 kPa are mixed without any heat transfer. What is the exit T, P? 

No work implies no pressure change for a simple flow. 

P e = 150 kPa 

The energy equation becomes 

mhi = mh e = (mh,) Ar + (mh i ) C02 = (mh e ) Ar + (mh e ) C02 

=> ™C02 C p C02( T e - T i)c02 + ™Ar C p Ar( T e “ T i)Ar = 0 
=> '^ ArCp Ar T i + ™C02 C p C02 T i = [™Ar C p Ar + ™CC)2 C p CO2] T e 

(1x0.520x300 + 1x0.842x1600) kW = (1x0.520 + 1x0.842) kW/K x T e 

T e = 1103.7 K, 


1 Ar 


2 CO 


2 


2l 


MIXING 

CHAMBER 


3 Mix 
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11.31 

A flow of 1 kg/s argon at 300 K and another flow of 1 kg/s CO 2 at 1600 K both at 

150 kPa are mixed without any heat transfer. Find the exit T, P using variable 
specific heats. 


No work implies no pressure change for a simple flow. 

P e = 150 kPa 

The energy equation becomes 


mhi = mh e = (mh,) Ar + (mh i ) C02 = (mh e ) Ar + (mh e ) C02 


=> >V:02 (h e - hi)c02 + ^Ai-Cp Ar( T e “ T i)Ar - 0 

=> 1 kg/s X (h e - 1748.12 kJ/kg) + (lx 0.52) kW/K x (T e - 300 K) = 0 

h e co2 + 0.52 T e = 1748.12 + 0.52 x 300 = 1904.12 kJ/kg 
Trial and error on T e using Table A. 8 for h e C0 2 


T e = 1100K: LHS = 1096.36 + 0.52 x 1100 = 1668.36 too small 

T e = 1300 K: LHS = 1352.28 + 0.52 x 1300 = 2028.28 too large 

T e = 1200 K: LHS = 1223.34 + 0.52 x 1200 = 1847.34 too small 


Final interpolation 



1200 + 100 


1904.12 - 1847.34 
2028.28 - 1847.34 


= 1231.4 K, 
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11.32 

A pipe flows 0.1 kg/s of a mixture with mass fractions of 40% CCE and 60% N 2 

at 400 kPa, 300 K. Heating tape is wrapped around a section of pipe with 
insulation added and 2 kW electrical power is heating the pipe flow. Find the 
mixture exit temperature. 

Solution: 

C.V. Pipe heating section. Assume no heat loss to the outside, ideal gases. 

Energy Eq.: Q = m(h e - hj) = mC P mix (T e - Tj) 

From Eq. 11.23 

C P mix = Z q C P i = 0.4 x 0.842 + 0.6 x 1.042 = 0.962 kJ/kg K 
Substitute into energy equation and solve for exit temperature 

T e = Tj + Q / mCp mix = 300 + 2 kW/ (0. 1 x 0.962) kW/K = 320.8 K 
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11.33 

A steady flow of 0.1 kg/s carbon dioxide at 1000 K in one line is mixed with 0.2 
kg/s of nitrogen at 400 K from another line, both at 100 kPa. The mixing chamber 
is insulated and has constant pressure of 100 kPa. Use constant heat capacity to 
find the mixing chamber exit temperature. 


Take CV around the mixing chamber 


Continuity Eq.4.9: 


m 1 + m 2 = m 3 ; 


Concentrations: 


c co 2 = mi/m 3 = 1/3; c N = m 2 /m 3 = 2/3 


Cp mix = Z q Cp i = (1/3) X 0.842 + (2/3) x 1.042 = 0.97533 kJ/kg 
Rmix = Z qRi = (1/3) X 0.1889 + (2/3) x 0.2968 = 0.2608 kJ/kg 


Energy Eq.: + m 2 h 2 = m 3 h 3 = m Y h 3 cc , 2 + m 2 h 3 N2 

Divide this equation with m 3 and take differences in h as C P AT 

3 Cp co 2 Ti + 3 C P N 2 T 2 = [3 C P C q 2 + 3 C P N2 ] T 3 = C P m j x T 3 
1 2 

T 3 = x 0.842 x 1000 + 3 x 1.042 x 400 ] / 0.97533 = 572.7 K 


1 


2 


*• 


*■ 


Mix 


3 


► 
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11.34 

An insulated gas turbine receives a mixture of 10% CCE, 10% EhO and 80% N 2 

on a mass basis at 1000 K, 500 kPa. The volume flow rate is 2 m /s and its 
exhaust is at 700 K, 100 kPa. Find the power output in kW using constant specific 
heat from A. 5 at 300 K. 

Solution: 

C.V. Turbine, Steady, 1 inlet, 1 exit flow with an ideal gas mixture, q = 0. 

Energy Eq. : W x = m(hj - h e ) = mC P mix (Tj - T e ) 

Properties: From Eqs. 11. 15 and 11.23 

Rmix = Z qRi = 0.1 x 0.1889 + 0.1 x 0.4615 + 0.8 x 0.2968 
= 0.30248 kJ/kg K 

C P ^ = Z q C P i = 0.1 x 0.842 + 0.1 x 1.872 + 0.8 x 1.042 
= 1.105 kJ/kg K 

PV = mRmi x T => rn = PV/R mix T 

m = 500 kPa x 2 m 3 /s /(0.30248xl000) kJ/kg = 3.306 kg/s 
W x = 3.306 kg/s x 1.105 kJ/kg-K (1000 - 700) K = 1096 kW 
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11.35 

Solve Problem 11.34 using the values of enthalpy from Table A. 8. 

An insulated gas turbine receives a mixture of 10% C0 2 , 10% H 2 0 and 80% N 2 

on a mass basis at 1000 K, 500 kPa. The volume flow rate is 2 m /s and its 
exhaust is at 700 K, 100 kPa. Find the power output in kW using constant specific 
heat from A. 5 at 300 K. 

Solution: 

C.V. Turbine, Steady, 1 inlet, 1 exit flow with an ideal gas mixture, q = 0. 

Energy Eq.: W x = m(hj - h e ) = m Xcj (hi - h e )j 

Properties: From Eqs.l 1.1 5 and 11.23 

Rmix = Z qRi = 0.1 X 0.1889 + 0.1 x 0.4615 + 0.8 x 0.2968 
= 0.30248 kJ/kg K 

PV = mRmi x T => m = PV/R mix T 

m = 500 kPa x 2 m 3 /s /(0.30248 x 1000) kJ/kg = 3.306 kg/s 
Now get the h values from Table A. 8 (all in kJ/kg) 

W x = 3.306 kg/s [ 0.1 (971.67 - 616.22) + 0.1 (1994.13 - 1338.56) 

+ 0.8 (1075.91 -735.86)] kJ/kg 

= 1234 kW 
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11.36 

Solve Problem 11.33 assuming the flows are in kmol/s. 

A steady flow of 0.1 kg/s carbon dioxide at 1000 K in one line is mixed with 0.2 
kg/s of nitrogen at 400 K from another line, both at 100 kPa. The mixing chamber 
is insulated and has constant pressure of 100 kPa. Use constant heat capacity to 
find the mixing chamber exit temperature. 


Take CV around the mixing chamber 
Continuity Eq. mole basis: rq + n 2 = n 3 ; 

Concentrations: y COo = rq/n 3 = 1/3; y No = n 2 /n 3 = 2/3 

12 kJ 

C P mi, = I yi C Pi = 3XO.842 x44.01 + 3X 1.042 x28.013 = 31.81 

M mix = X yM = (1/3) x 44.01 + (2/3) x 28.013 = 33.345 kg/kmol 

Energy Eq. Mole basis: rqhi + n 2 h 2 = n 3 h 3 = rqh 3 COo + n 2 h 3 No 


Divide this equation with n 3 and take differences in h as C P AT 

3 C P C0 2 T 1 + 3 C P n 2 T 2 = [3 C P C0 2 + 3 C P n 2 ] T 3 = C Pm i x T 3 
T 3 = [| X 37.056 X 1000 + |x 29.189 x 400]/ 31.81 =633 K 
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11.37 

Solve Problem 1 1.34 with the percentages on a mole basis and use Table A. 9. 

An insulated gas turbine receives a mixture of 10% C0 2 , 10% H 2 0 and 80% N 2 

on a mole basis at 1000 K, 500 kPa. The volume flow rate is 2 m /s and its 
exhaust is at 700 K, 100 kPa. Find the power output in kW using constant specific 
heat from A. 5 at 300 K. 


C.V. Turbine, Steady flow, 1 inlet, 1 exit flow with an ideal gas mixture, and no 
heat transfer so q = 0. 

Energy Eq.: W T = m (hj - h e ) = n (hj - h e ) = n [ Zyj Oh - h e )j J 

Ideal gas law: PV = nRT => 

• PV 500 kPa x 2 m 3 /s „ 

n = — = b oi/tcVi/i 71 ? 77777771 ? = 0. 1203 kmol/s 

^ 8.3145 kJ/kmol-K x 1000 K 

IV 1 

Read the enthalpies from Table A.9 (they are all in kJ/kmol) 

W x = 0. 1203 [0. 1(33397 - 17754) + 0.1(26000 - 14190) + 0.8(21463 - 11937)] 

= 1247 kW 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


11.38 

A mixture of 0.5 kg nitrogen and 0.5 kg oxygen is at 100 kPa, 300 K in a piston 
cylinder keeping constant pressure. Now 800 kJ is added by heating. Find the 
final temperature and the increase in entropy of the mixture using Table A. 5 
values. 

Solution: 

C.V. Mixture in the piston cylinder. 

Energy Eq.: m(u 2 - Uj) = }Q 2 - jW 2 

Process: P = constant => 1 W 2 = J P dV = P (V 2 - Vp 

tQ 2 = m(u 2 - u : ) + {W 2 = m(u 2 - u 2 ) + mP(v 2 - vj) = m(h 2 - h 2 ) 

h 2 - hj = iQ 2 /m = C P nux (T 2 - Tj) 

From Eq. 11.23 and Table A. 5: 

C P ^ = (1/2) x 0.922 + (1/2) x 1.042 = 0.982 kJ/kg K 

T 2 = T 1+ lQ 2 / m Cp mix 

= 300 K + 800 kJ/(l x 0.982) kJ/K = 1114.7 K 
From Eq. 11.24: 

m(s 2 - Sj) = m[C P ^x ln (T 2 / T : ) - R ln(P 2 / P : )] 

= 1 kg x 0.982 kJ/kg-K x In (1 1 14.7/300) = 1.29 kJ/K 
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11.39 

A rigid insulated vessel contains 12 kg of oxygen at 200 kPa, 280 K separated by 
a membrane from 26 kg carbon dioxide at 400 kPa, 360 K. The membrane is 
removed and the mixture comes to a uniform state. Find the final temperature and 
pressure of the mixture. 

Solution: 

C.V. Total vessel. Control mass with two different initial states. 

Mass: m = m o2 + m C0 2 = 12 + 26 = 38 kg 

Process: V = constant (rigid) => W = 0, insulated => Q = 0 

Energy: U 2 - Uj = 0 - 0 = m o2 C v o2( T 2 ' T l 02 ) + m co2 c v co2( T 2 - T l C 02 ) 

Initial state from ideal gas Table A. 5 

C v o2 = 0.662 kJ/kg, C v C o2 = 0.653 kJ/kg K 

0 2 : V 02 = mRTj/P = 12 x 0.2598 x 280/200 = 4.3646 m 3 , 

C0 2 : V co2 = mRTj/P = 26 x 0.1889 x 360/400 = 4.4203 m 3 

Final state mixture 

Rmix = Z qRi = [12 x 0.2598 + 26 x 0.1889 ]/38 = 0.2113 kJ/kg K 
The energy equation becomes 

m o 2 C v 02 t 2 + m co 2 Cy co 2 t 2 

= m 02 Cy 02 T 1 02 + m C 02 Cy C 02 T 1 C 02 
(7.944 + 16.978 ) kJ/K x T 2 = 2224.32 + 61 12.08 = 8336.4 kJ 

=> T 2 = 334.5 K 

From mixture gas constant and total volume 

V 2 = V Q2 + V co2 = 4.3646 m 3 + 4.4203 m 3 = 8.7849 m 3 

P 2 = mR mix T 2 /V 2 = 38 kg x 0.2113 kJ/kg-Kx 334.5 K J 8.7849 m 3 

= 305.7 kPa 
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11.40 

A mixture of 0.5 kg nitrogen and 0.5 kg oxygen is at 100 kPa, 300 K in a piston 
cylinder keeping constant pressure. Now 1200 kJ is added by heating. Find the 
final temperature and the increase in entropy of the mixture using Table A. 8 
values. 

Solution: 

C.V. Mixture in the piston cylinder. 

Energy Eq.: m(u 2 - Uj) = jQ 2 - iW 2 

Process: P = constant => jW 2 = J P dV = P (V 2 - Vp 

lQ 2 = m(u 2 - m) + ,W 2 = m(u 2 - u 2 ) + mP(v 2 - 
= m(h 2 - h 2 ) 

h 2 - hj = jQo/m = 1200 kJ /I kg = 1200 kJ/kg 
Since T 2 is high we use Table A. 8 values guessing a T 2 

(h 2 - h^^ooK = \ (1556.87 - 311.67) + \ (1426.44 - 273.15) 

= 1199.245 kJ/kg low 

(h 2 - h^jsooK = \ (1680.70 - 311.67) + \ (1540.23 - 273.15) 

= 1318.06 kJ/kg too high 

T 2 = 1400+ 100[(1200- 1199.245)/(1318.06- 1199.245)] = 1400.6 K 
From Eqs.11.16 and 11.18: 

| O O J O O 

s 2 - si = 2 (s T2 - s t1 ) N2 + 2 (s T2 - s t1 ) 02 

= \ (8.5495 - 6.8463) + \ (7.9869 - 6.4168) 

= 1.6367 kJ/kg K 

Notice that the pressure term drop out, composition does not change and total 
pressure is constant. 
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11.41 

New refrigerant R-410A is a mixture of R-32 and R-125 in a 1:1 mass ratio. A 
process brings 0.5 kg R-410A from 270 K to 320 K at a constant pressure 250 
kPa in a piston cylinder. Find the work and heat transfer. 

Solution: 

C.V. R-410A 

Energy Eq.: m(u 2 - u : ) = : Q 2 - iW 2 = iQ 2 - P (V 2 - Vj) 

Process: P = constant |W 2 = P(V 2 -V]) = mR(T 2 — T ] ) 

tQ 2 = m(u 2 - uj) + ,W 2 = m(h 2 - hj) 

From Eq.11.15: 

x . 1 1 

Rmix = IqRi = 2 x 0.1598 + 2 X 0.06927 =0.1 145 kJ/kg K 

FromEq. 11.23: 

1 1 

C P mix = 2 x °- 822 + 2 x °' 791 = °- 8065 K 

From the process equation 

,W 2 = 0.5 kg x 0. 1 145 kJ/kg-K (320 - 270) K = 2.863 kj 
From the energy equation 

iQ 2 = m C P mix (T 2 - Tj) = 0.5 kg x 0.8065 kJ/kg-K (320 - 270) K 

= 20.16 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


11.42 

A piston/cylinder device contains 0.1 kg of a mixture of 40 % methane and 60 % 
propane gases by mass at 300 K and 100 kPa. The gas is now slowly compressed 
in an isothermal (T = constant) process to a final pressure of 250 kPa. Show the 
process in a P-V diagram and find both the work and heat transfer in the process. 

Solution: 

C.V. Mixture of methane and propane, this is a control mass. 

Assume methane & propane are ideal gases at these conditions. 

Energy Eq. 3. 5: m(u 2 - Uj) = iQ 2 - jW 2 

Property from Eq. 11.15 

R mix = R CH4 + 0-6 R C3H8 

= 0.4 X 0.5183 + 0.6 x 0.1886 = 0.3205 kJ/kg K 
Process: T = constant & ideal gas => 

jW 2 = | P dV = rnR mix T J (l/V)dV = rnR mix T In (V 2 /V,j 

= mR mix T ln (P1/P2) 

= 0.1 kg x 0.3205 kJ/kg-K x 300 K ln (100/250) = -8.81 kj 

Now heat transfer from the energy equation where we notice that u is a 
constant (ideal gas and constant T) so 

I Q 2 = m(u 2 — u ] ) + jW 2 = jW 2 = -8.81 kj 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


11.43 

The substance R-410A, see Problem 11.41 is at 100 kPa, 290 K. It is now brought 
to 250 kPa, 400 K in a reversible polytropic process. Find the change in specific 
volume, specific enthalpy and specific entropy for the process. 

Solution: 

„ 1 1 

Eq.11.15: R mix = Sc i R i = 2 x 0.1598 + 2 x 0.06927 = 0.1145 kJ/kg K 

„ 1 1 

Eq. 11.23: C Pmix = I CjCpj = 2 x 0.822 + 2 x 0.791 = 0.8065 kJ/kg K 

v ! = RTj/Pj = 0.1145 x 290/100 = 0.33205 m 3 /kg 
v 2 = RT 2 /P 2 = 0.1145 x 400/250 = 0.1832 m 3 /kg 
v 2 - vj = 0.1832 - 0.33205 = -0.14885 m 3 /kg 

h 2 - hj = C Pmix (T 2 - Tj) = 0.8065 kJ/kg-K (400 - 290) K = 88.72 kJ/kg 
From Eq. 11.24 

s 2 - sj = C Pmix ln(T 2 / Tj) - R^ ln(P 2 / P : ) 

= 0.8065 In (400/290) - 0.1145 In (250/100) = 0.154 kJ/kg K 
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11.44 

Natural gas as a mixture of 75% methane and 25% ethane by mass is flowing to a 
compressor at 17°C, 100 kPa. The reversible adiabatic compressor brings the flow 
to 350 kPa. Find the exit temperature and the needed work per kg flow. 

Solution: 

C.V. Compressor. Steady, adiabatic q = 0, reversible s gen = 0 
Energy Eq. 4. 13: -w = h ex - h in ; Entropy Eq.7. 8: S[ + s gen = s e 

Process: reversible => s gen = 0 => s e = Sj 

Assume ideal gas mixture and constant heat capacity, so we need k and Cp 
From Eq.11.15 and 11.23: 

R mix = Z qRi = 0.75 x 0.5183 + 0.25 x 0.2765 = 0.45785 kJ/kg K 

C P ^ = Z qC Pi = 0.75 x 2.254 + 0.25 x 1.766 = 2.132 kJ/kg K 
C v = Cp mix - Rmix = 2.132 - 0.45785 = 1.6742 kJ/kg K 
Ratio of specific heats: k = C p / C v = 1.2734 

The isentropic process gives Eq.6.23, from Eq. 11.24 with s e = Sj 

T e = Tj (P e / Pj) (k - |)/k = 290 (350/100) 0 2147 = 379.5 K 
Work from the energy equation: 

w c in = C P (T e - Tj) = 2. 132 kJ/kg-K (379.5 - 290) K = 190.8 kJ/kg 
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11.45 

A compressor brings R-410A (see problem 1 1.41) from -10 °C, 125 kPa up to 
500 kPa in an adiabatic reversible compression. Assume ideal gas behavior and 
find the exit temperature and the specific work. 

Solution: 

C.V. Compressor 

Process: q = 0 ; adiabatic and reversible. 

Energy Eq.4.13: w = hj - h e ; 

Entropy Eq.7.8: s e = Sj + s gen + I dq/T = Sj + 0 + 0 = Sj 

From Eq.11.15: 

x . 1 1 

R m ix = Zc i Ri = 2 x 0.1598 + 2 X 0.06927 = 0.1145 kJ/kg K 

FromEq. 11.23: 

1 1 

Cp mix = 2 X °- 822 + 2 x °- 791 = 0-8065 kJ/k § K 

Rmix/Cpmix = 0.1145/0.8065 = 0.14197 
For constant s, ideal gas and use constant specific heat as in Eq.6.23 

T e /Tj = (P C /P,) R/CP 

0 14197 

T e = 263.15 K x (500/125) = 320.39 K 

w = C Pmix ( Ti - T e ) = 0.8065 kJ/kg-K (263.15 - 320.39) K 

= -46.164 kJ/kg 
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11.46 

Two insulated tanks A and B are connected by a valve. Tank A has a volume of 1 

m and initially contains argon at 300 kPa, 10°C. Tank B has a volume of 2 m 
and initially contains ethane at 200 kPa, 50°C. The valve is opened and remains 
open until the resulting gas mixture comes to a uniform state. Determine the final 
pressure and temperature. 

Solution: 

C.V. Tanks A + B. Control mass no W, no Q. 

Energy Eq.3.5 and 3.36: 

U 2 -Uj = o = m Ar C V0 (T 2 -T A1 ) + m C2H6 C vo (T 2 - T B1 ) 

m Ar = p A1 v A /rt A1 = (3°° x 1) / (0.2081 X 283.15) = 5.0913 kg 
m C2 H 6 = P B iV B /RT B1 = (200 x 2) / (0.2765 x 323.15) = 4.4767 kg 

Continuity Eq.: m 2 = m Ar + = 9.568 kg 

Energy Eq.: 5.0913 x 0.312 (T 2 - 283.2) 

+ 4.4767 x 1.490 (T 2 - 323.2) = 0 

Solving, T 2 = 315.5 K 

^ 5.0913 4.4767 

= S CjRj = g x 0.2081 + g x 0.2765 = 0.2401 kJ/kg K 

P 2 = m 2 RT 2 /(V A +V B ) = 9.568 kg x 0.2401 kJ/kg-K x 315.5 K /3 m 3 

= 242 kPa 
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11.47 

A steady flow of 0.1 kmol/s carbon dioxide at 1000 K in one line is mixed with 
0.2 kmol/s of nitrogen at 400 K from another line, both at 100 kPa. The exit 
mixture at 100 kPa is compressed by a reversible adiabatic compressor to 500 
kPa. Use constant specific heat to find the mixing chamber exit temperature and 
the needed compressor power. 

Take CV around the mixing chamber 
Continuity Eq. mole basis: rij + n 2 = n 3 ; 

Concentrations: y COo = rq/n 3 = 1/3; y No = n 2 /n 3 = 2/3 

12 kJ 

C Pmix = ZyiC Pi = 3 x 0.842 x44.01 + 3 X 1.042 x28.013 = 31.81 


R mi x /Cp mix = R/C Pmix = 8.3145 / 31.81 = 0.2614 


Energy Eq. Mole basis: rqfq + n 2 h 2 = n 3 h 3 = rqh 3 COo + n 2 h 3 No 


Divide this equation with n 3 and take differences in h as C P AT 

3 C p co 2 Ti + 3 C P N 2 T 2 = [3 C P C q 2 + 3 C P N2 ] T 3 = C P mjx T 3 

T 3 = [| x 37.056 x 1000 + 1 x 29.189 x 400 ]/ 31.81 = 633 K 
Now we can do the adiabatic compression 

T 4 = T 3 (P 4 / P 3 ) R/Cp = 633 x 5 °'“ 614 = 964.1 K 

w c = C Pmix (T 4 - T 3 ) = 31.81 kJ/kmol-K (964.1 - 633) K 
= 10 532 kJ/kmol 


W = m w c = 0.3 kmol/s x 10 532 kJ/kmol = 3160 kW 
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11.48 

A mixture of 2 kg oxygen and 2 kg of argon is in an insulated piston cylinder 
arrangement at 100 kPa, 300 K. The piston now compresses the mixture to half its 
initial volume. Find the final pressure, temperature and the piston work. 

Solution: 

C.V. Mixture. Control mass, boundary work and no Q, assume reversible. 
Energy Eq.3.5: u 2 - Uj = 2 q 2 - i w 2 = ' l w 2 ; 

Entropy Eq. 6. 37: s 2 -Sj = 0 + 0 = 0 

Process: constant s => Pv k = constant, v 2 = v 1 /2, 

Assume ideal gases (T | » T c ) and use k mix and C v m j x for properties. 

Eq.11.15: R mix = 2 Ci Ri = 0.5 x 0.25983 + 0.5 x 0.20813 = 0.234 kJ/kg K 
Eq. 11.23 C Pmix = 2 Ci C Pi = 0.5 x 0.9216 + 0.5 x 0.5203 = 0.721 kJ/kg K 

Cymix = ^Pmix " ^mix = 0.487 kJ/kg K 
Ratio of specific heats: k^ = C Pmix /C vmix = 1.4805 

The relations for the polytropic process 
Eq.6.25: P 2 = PiCvj/v^ = Pj(2) k = 100(2) L48 ° 5 = 279 kPa 

Eq.6.24: T 2 = T^vj/v^' 1 = T 1 (2) k ' 1 = 300(2)°- 4805 = 418.6 K 

Work from the energy equation 

l w 2 = m tot ( U 1 - u 2) = m tot C v (Ti - T 2 ) 

= 4 kg xO.487 kJ/kg-K (300 - 418.6) K = -231 kj 
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11.49 

The gas mixture from Problem 1 1.27 is compressed in a reversible adiabatic 
process from the initial state in the sample cylinder to a volume of 0.2 L. 
Determine the final temperature of the mixture and the work done during the 
process. 

Solution: 

From Eq.11.15 

Rmix = Z qRi = 0.02 x 4.1243 + 0.45 x 0.2968 + 0.28 x 0.1889 
+ 0.25 x 0.2968 = 0.34314 kJ/kg K 
m = PV/RmixT = 100x1 0' 3 / (0. 343 1 4x 293.15) = 9.941xl0' 4 kg 

C V0 mix = Z c i c v 0 i = °- 02 x 10 - 085 + °- 45 x °- 744 

+ 0.28 x 0.653 + 0.25 x 0.745 = 0.9056 kJ/kg K 

CpQMix = ^Vomix + ^mix = 0.9056 + 0.34314 = 1.2487 kJ/kg K 

-> k = Cp 0 /C V o= 1.2487/0.9056 = 1.379 

The process (adiabatic and reversible) is isentropic expressed in Eq.6.32 

/Vj\k-1 / 1 \0.379 

-^T 2 = T 1 (^-; =293.15(^j = 539.5 K 

1 W 2 = -AU 12 = -mC V o(T 2 -T 1 ) 

= - 9.941xl0' 4 kg x 0.9056 kJ/kg-K x (539.5 - 293.15) K = - 0.22 kj 
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A piston cylinder has 0.1 kg mixture of 25% argon, 25% nitrogen and 50% carbon 
dioxide by mass at total pressure 100 kPa and 290 K. Now the piston compresses 
the gases to a volume 7 times smaller in a polytropic process with n = 1.3. Find 
the final pressure and temperature, the work, and the heat transfer for the process. 

Solution: 

Expansion ratio: v 2 / v ] = 1/7 

Mixture properties: 

R mix = X qRi = 0.25 x 0.2081 + 0.25 x 0.2968 + 0.5 x 0.1889 
= 0.220675 kJ/kg K 

C v mix = Z q C vi = 0.25 X 0.312 + 0.25 x 0.745 + 0.5 x 0.653 
= 0.59075 kJ/kg K 


Process eq.: Rev. adiabatic and ideal gas gives Pv 11 = C, with n = 1.3 

p 2 = p : ( Vl /v 2 ) n = 100 x 7 1 ' 3 = 1254.9 kPa 

T 2 = Tj (v,/v 2 ) n -' = 290 x 7 0 ' 3 = 519.9 K 
Polytropic process work term from Eq.3.21 and ideal gas law 


mR 0.1 x0.220675 

: W 2 = (T 2 -Tj) = kJ/K (519.9 - 290) K = -16.91 kj 


Energy Eq.: : Q 2 = U 2 - Uj + jW 2 =mC vmix (T 2 -T 1 ) + 1 W 2 

= 0.1 kg x 0.59075 kJ/kg-K (519.9 -290) K - 16.91 kJ 

= -3.33 kj 
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Entropy generation 
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11.51 

A flow of gas A and a flow of gas B are mixed in a 1:2 mole ratio with the same 
T. What is the entropy generation per kmole flow out? 

For this case the total flow is 3 mol units so, 

y A = n A /n tot = 1/3 ; y B = n B /n tot = 2/3 

Eq. 11.19: AS = - R[ (1/3) In 1/3 + (2/3) In 2/3 ] = + 0.6365 R 

= 5.292 kj/kmol K 
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A rigid container has 1 kg argon at 300 K and 1 kg argon at 400 K both at 150 
kPa. Now they are allowed to mix without any external heat transfer. What is final 
T, P? Is any s generated? 


Energy Eq.: U 2 - = 0 = 2mu 2 - mu ]a - mu lb = mC v (2T 2 - T la - T lb ) 

T 2 = (Ti a + Tib)/2 = 350 K, 

Process Eq.: V = constant => 

P 2 V = 2mRT 2 = mR(T la + T lb ) = PjV la + PjV lb = PjV 


p 2 = Pj = 150 kPa, 

AS due to temperature changes only, not P, internally we have a Q over a AT 
AS = m (s 2 - s la ) + m (s 2 - s lb ) = mC p [ In (T 2 /T la ) + In (T 2 /T lb ) ] 

r 350 350 

= 1 kg x 0.520 kJ/kg-K [in ^ + In ^ J = 0.0107 kJ/K 


/ \ 



Why did we not account for partial pressures? Since we mix argon with argon 
there is no entropy generation due to mixing and no partial pressure. 
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What is the entropy generation in problem 1 1.26? 

No Q, No W so the energy equation gives constant U 
Energy Eq.: U 2 -U, = 0 = m C02 (u 2 - u, j CC)2 + m Ar (u 2 - u,) Ar 

= m C02 C v C02( T 2 “ T l)c02 + m Ar C v Ar( T 2 ~ T l)Ar 
= (1x0.653 + 1x0.312) x T 2 - 1x0.653x300 - 1x0.312x400 

T 2 = 332.3 K, 

V = Vj = V C0 2 + V Ar = m C02 R C02 T C02 /P + m Ar R Ar T Ar /P 

= 1x0.1889x300/150 + 1x0.2081x400/150 = 0.932 73 m 3 
Pressure from ideal gas law and Eq.11.15 for R 

P 2 = (1x0.1889 + 1x0.2081) x332.3/0.932 73 = 141.4 kPa 


S 2 - Si - 0 + jS 2 gen - m C02 (s 2 - S!) C02 + m Ar (s 2 - 

t 2 _ y p 2 

For each component: s 2 - Si = C P In - R In [P’s are total pressure] 

c C02/ m C02 0.5 / 44.01 „ . „ 


_ c CQ2 /m CQ2 0.5/44.01 

Yc02 - c C 02 /M C02 + c^/Maj. “ 0.5 / 39.948 + 0.5 / 44.01 “ °' 4758 

YAr = 1 ~ YC02 = 0.5242 

332.3 0.5242 x 141.4 

l s 2 gen = 1 kg X [0.520 ln(-T7^-) - 0.2081 In ( 7T7] )] kJ/kg-K 


400 


150 


332.3 0.4758 x 141.4 

+ 1 kg x [0.842 ln(-^r) - 0.1889 In ( ^ )] kJ/kg-K 


I 1 AVg, XX [ V7 . 1 JLiy ^QQ ) — V7 . A V 

= 0.05027 + 0.23756 = 0.2878 kJ/K 
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A flow of 2 kg/s mixture of 50% CO 2 and 50% O 2 by mass is heated in a constant 
pressure heat exchanger from 400 K to 1000 K by a radiation source at 1400 K. 
Find the rate of heat transfer and the entropy generation in the process shown in 
Fig. P11.54. 

Solution: 

C.V. Heat exchanger w = 0 

Energy Eq.4. 12: Q in = m(h e - hj) 

Values from Table A. 8 due to the high T. 

Q in = 2 [| x (971.67 - 303.76) + \ x (980.95 - 366.03)] = 1282.8 kW 
Entropy Eq.7.8: m e s e = iiijSj + Q/T s + S gen 

As the pressure is constant the pressure correction in Eq.6.19 drops out to give 
the generation as 

Sgen — ” ®i) “ Q/T s 

= 2 kg/s [|x (6.119 -5.1196) + |x (7.6121 -6.6838)] kJ/kg-K 

- 1282.8 kW/1400K 

= 1.01 kW/K 


\ 1400 / 

Radiation 
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A flow of 1.8 kg/s steam at 400 kPa, 400°C is mixed with 3.2 kg/s oxygen at 400 
kPa, 400 K in a steady flow mixing-chamber without any heat transfer. Find the 
exit temperature and the rate of entropy generation. 

C.V. Mixing chamber, steady flow, no work, no heat transfer. To do the entropies 
we need the mole fractions. 


m 


H20 


1.8 


m 


n 


H2 ° “ m H20 “ 18.015 “ 0-1 kmol/s; 


02 


3.2 


flr^o — 


02 “M 


02 


31.999 


= 0.1 kmol/s 


Yh20 - Yo2 - 0-5 


Energy Eq. : m H20 h j + m 02 h 2 = m H20 h 3 H2Q + m 02 h 3 02 


Entropy Eq.: m H20 s, + m 02 s 2 + S gen = m H20 s 3 H20 + m 02 s 3 Q2 

Solve for T from the energy equation 


®H20 0*3 H20 _ hi) + ™0 2 0*3 02 - h 2 ) - 0 

^H20 h 2 o(T 3 - Tj) + m 02 C P o 2 (T 3 - T 2 ) = 0 

1.8 X 1.872 (T 3 - 400 - 273.15) + 3.2 x 0.922(T 3 - 400) = 0 

T 3 = 545.6 K 


Sgen - ™H20 ( s 3 H20 _ s l) + ™02 ( s 3 02 _ s 2) 


- I ^H 20 [ Cp H 20 l n t - R In y H2Q ] + m Q2 [ C P 02 In T - R In y 02 ] 

1 1 1 2 


T 3 _ t 3 


545.6 


= 1.8 kg/s [ 1.872 In 0.4615 In 0.5 ] kJ/kg-K 


+ 3.2 kg/s [ 0.922 In 


545.6 

400 


- 0.2598 In 0.5 ] kJ/kg-K 


= - 0.132 + 1.492 = 1.36 kW/K 
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Carbon dioxide gas at 320 K is mixed with nitrogen at 280 K in an insulated 
mixing chamber. Both flows are at 100 kPa and the mass ratio of carbon dioxide 
to nitrogen is 2:1. Find the exit temperature and the total entropy generation per 
kg of the exit mixture. 

Solution: 


CV mixing chamber. The inlet ratio is so m COo = 2 m Xo and assume no 
external heat transfer, no work involved. 


Continuity Eq.6.9: 


m N2 + 2m N2 = m ex = 3m N2 : 


Energy Eq.6. 10: m N2 (h N2 + 2 h cc>2 ) = 3m N2 h 

mix ex 

Take 300 K as reference and write h = h 300 + C Pm j x (T - 300). 

Cp N 2 ( T i n 2 ‘ 300) + 2C P co 2 ( T i co 2 ' 300) = 3C P ^(T^x ex - 300) 

2 1 

C Pmix = Z CjCp i = 3 X 0.842 + 3 X 1.042 = 0.9087 kJ/kg K 
3C P mixT^x ex = C P N2 Tj N2 + 2C P co 2 Ti co 2 = 830.64 kJ/kg 

T mix ex = 304 - 7 

To find the entropies we need the partial pressures, which assuming ideal gas 
are equal to the mole fractions times the total pressure: 

Yi = [q/ MjJ / X c/Mj 

0.3333 0.6666 

y No = [0.3333 / 28.013] / [ 28 q 13 + 44 ] = 0.44 

Yco 2 = 1 - Yn 2 = 0.56 

Sgen = I ^ l ex s ex " ( I ^ ls )iC0 2 ' (^ s )iN 2 = r * 1 N 2 ( s e ' s i)N 2 + 2m N2 (s e - Sj) C Q 2 


Ten _l_ 


1 . . T ex _ . 2 _ _ . T ex 


3m 


n 2 


3 [CpN 2 l n X lNo " R N 2 l n Yn 2 ] + 3 [Cpc0 2 l n T ic0o _ R C°2^ n ^ co 2^ 
1 304.7 

= 3 [ 1.042 l n C~2gQ-) - 0-2968 In 0.44 ] 

2 304.7 

+ 3 [ 0.842 ln(-32o") - 0.1889 In 0.56 ] 

= 0. 1 10585 + 0.068275 = 0.1789 kJ/kg mix K 
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11.57 

Carbon dioxide gas at 320 K is mixed with nitrogen at 280 K in an insulated 
mixing chamber. Both flows are coming in at 100 kPa and the mole ratio of 
carbon dioxide to nitrogen is 2:1. Find the exit temperature and the total entropy 
generation per kmole of the exit mixture. 


CV mixing chamber, steady flow. The inlet ratio is n cc , 7 = 2 n N2 and 
assume no external heat transfer, no work involved. 

Continuity: n cc , 2 + 2n N7 = n ex = 3n N - 7 ; 


Energy Eq.: n N2 (h N7 + 2h C07 ) = 3n N 


mix ex 


Take 300 K as reference and write h = h 300 + C Pmix (T - 300). 

Cp N 2 ( T i n 2 ' 300) + 2C P co 2 (Ti co 2 ' 300) = 3C P niix (T mix ex - 300) 
Find the specific heats in Table A. 5 to get 

C Pmix = Z yiC Pi = (1.042 x 28.013 + 2 x 0.842 x 44.01)/3 
= 34.43 kJ/kmol K 

3C P mixTmix ex = C P N 2 T i n 2 + 2C P co 2 T i co 2 = 31889 kJ/kmol 
Tn.ix ex = 308.7 K 


Partial pressures are total pressure times molefraction 

[ 2 


P exNo = P tot / 3; P 


ex C0 2 ~ 2P tot /3 


Sgen - n ex s ex " (^s)iC0 2 " (n s )iN 2 - n N7 (s e - Sj) N2 + 2n N7 (s e - Si) CO; 


T T 

x ex — _ - _ ex 


S g ei/3n N7 - [C PN7 ln T - Rln y N + 2C PCO? ln T - 2 Rln y C oJ/3 
Z ^ 1N2 1CO2 

= [2.8485 + 9.1343 - 2.6607+6.742J/3 = 5.35 kJ/kmol mix K 
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11.58 


A flow of 1 kg/s carbon dioxide at 1600 K, 100 kPa is mixed with a flow of 2 kg/s 
water at 800 K, 100 kPa and after the mixing it goes through a heat exchanger 
where it is cooled to 500 K by a 400 K ambient. How much heat transfer is taken 
out in the heat exchanger? What is the entropy generation rate for the whole 
process? 

Solution: 


1 


2 


r 




v 


Mixing 

chamber 


A 


J 



C.V. Total mixing section and heat exchanger. Steady flow and no work. To do 
the entropy at the partial pressures we need the mole fractions. 


n H20 = 1 ^ l H20^H20 = 2 / 18.015 = 0.11102 kmol/s 

n C Q2 = m C o2/Mco2 = 1 / 44.01 = 0.022722 kmol/s 
0.11102 

Ymo - o. ll 102 + 0.022722 _0 ' 8301, y C02 - 1 -ymo- 0 - 1699 

Energy Eq.: m H20 I'M + m C02 h 2 = Q coo i + ^20 1*4 H20 + ™co2 co2 


Entropy Eq.: 


m H20 s i + m C02 s 2 + 


• Qcooi 

gen = T amb + 


m H20 s 4 H20 + m C02 s 4 C02 


As T is fairly high we use Table A. 8 for properties on a mass basis. 

1 2 4 H20 4 C02 

h [kJ/kg] 1550.13 1748.12 935.12 401.52 

s ° [kJ/kg K] 12-4244 6.7254 11.4644 5.3375 

Qcooi = ^H20 (hi — h4 H2o) + ™C02 (1*2 _ ^4 CO2) 

= 2 (1550.13 - 935.12) + 1 (1748.12 - 401.52) = 2577 kW 


Sgen - ™H20 ( s 4 H20 “ s l) + ™C02 ( s 4 C02 _ s 2) + Qcool/T am b 

= 2 kg/s [11.4644 - 12.4244 - 0.4615 ln(0.8301) ] kJ/kg-K 
+ 1 kg/s [5.3375 - 6.7254 - 0.1889 ln(0.1699) ] kJ/kg-K + ^^kW/K 
= -1.74813 - 1.05307 + 6.4415 = 3.64 kW/K 
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The only known sources of helium are the atmosphere (mole fraction approximately 

5 x 10 -6 ) and natural gas. A large unit is being constructed to separate 100 m 3 /s of 
natural gas, assumed to be 0.001 He mole fraction and 0.999 CH 4 . The gas enters the 

unit at 150 kPa, 10°C. Pure helium exits at 100 kPa, 20°C, and pure methane exits at 
150 kPa, 30°C. Any heat transfer is with the surroundings at 20°C. Is an electrical 
power input of 3000 kW sufficient to drive this unit? 


0.999 CH 4 
0.001 He 
at 150 kPa, 10 °C 

V, = 100 m 3 /s 



P 2 = 100 kPa 
T 2 = 20 °C 

P 3 = 140 kPa 
T 3 = 30 °C 


rq = PjVj/RTj = 150 kPa xlOO m 3 /s /(8. 3 145x283.2) kJ/kmol = 6.37 kmol/s 

=> n 2 = 0.001; rq = 0.006 37; n 3 = 6.3636 kmol/s 

Cp He = 4.003 kg/kmol x5.193kJ/kg-K = 20.7876 kJ/kmol K, 

C PC h 4 = 16.043 kg/kmol x2.254 kJ/kg-K = 36.1609 kJ/kmol K 
Energy Eq.: 

Qcv = ^ 2& 2 + n 3 h 3 - rqfq + W cv = n 2 C P 0 He(T 2 -Ti) + n 3 C P0 ch^^-T^ + W cv 

= 0.00637x20.7876(20 - 10) + 6.3636x36.1609(30 - 10) + (-3000) 

= +1600 kW 
Entropy Eq.: 

Sgen = n 2 S 2 + ' *0^1 ' Qcv/T() 

T 293.2 100 1 

= 0.00637 1 20.7876 In 0 - 8.3145 In ~ AA1 777 : 

L 283.2 0.001xl50 J 

r 303.2 140 1 

+ 6.3636 36.16091n77T^- 8.3145 In 7777777— 7777 - 1600/293.2 

L 283.2 0.999xl50 J 

= +13.5 kW/K > 0 Since positive, this is possible 
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Repeat Problem 1 1.44 for an isentropic compressor efficiency of 82%. 
Solution: 

C.V. Compressor. Steady, adiabatic q = 0, reversible s gen = 0 
Energy Eq. 4. 13: -w = h ex - h in ; Entropy Eq.7. 8: Sj + s gen = Sj = s e 

Process: reversible => s gen = 0 => s e = Sj 

Assume ideal gas mixture and constant heat capacity, so we need k and C P 
From Eq.11.15 and 11.23: 

Rmix = Z CjRj = 0.75 x 0.5183 + 0.25 x 0.2765 = 0.45785 kJ/kg K 

C P ^ = Z qC Pi = 0.75 x 2.254 + 0.25 x 1.766 = 2.132 kJ/kg K 
Cy = C P mix - Rmix = 2.132 - 0.45785 = 1.6742 kJ/kg K 
Ratio of specific heats: k = C p / C v = 1.2734 

The isentropic process gives Eq.6.23, from Eq. 11.24 with s e = sj 

T e = Tj (P e / Pj) (k - |)/k = 290 (350/100) 0 2147 = 379.5 K 
Isentropic work from the energy equation: 

w c in = C P (T e - Ti) = 2.132 kJ/kg-K (379.5 - 290) K = 190.8 kJ/kg 
The actual compressor requires more work 

W C actual = W C ir/n = 190.8/0.82 = 232.7 kJ/kg = C p (T e actual - Tj) 

Te actual — Tj w c actua/Cp 

= 290 K + 232.7 kJ/kg / 2.132 kJ/kg-K = 399.1 K 
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A steady flow 0.3 kg/s of 60% carbon dioxide and 40% water mixture by mass 
at 1200 K and 200 kPa is used in a constant pressure heat exchanger where 300 
kW is extracted from the flow. Find the exit temperature and rate of change in 
entropy using Table A. 5 

Solution: 

C.V. Heat exchanger, Steady, 1 inlet, 1 exit, no work. 

Continuity Eq.: c C02 = c H2Q = 0.5 

Energy Eq.: Q = m(h c - hj) ~ m Cp (T e - T-) => T c = Tj + Q/m Cp 

Inlet state: Table A. 5 

C P = 0.6 x 0.842 + 0.4 x 1.872 = 1.254 kJ/kg-K 

Exit state: T e = Tj + Q/m C P = 1200 K - 300 kW/(0.3 x 1.254 kW/K) 

= 402.6 K 

The rate of change of entropy for the flow is (P is assumed constant) 

m(s e - Sj) = m[Sj e - s - R ln(P e /Pj)] = m[s^ e - s^) ~ m C P ln(T e /Tj) 

= 0.3 x 1.254 ln(402.6 / 1200) = -0.411 kW/K 

The entropy generation rate cannot be estimated unless the average T at which 
the heat transfer leaves the control volume is known. 
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A steady flow of 0.3 kg/s of 60% carbon dioxide and 40% water by mass at 1200 
K and 200 kPa is used in a heat exchanger where 300 kW is extracted from the 
flow. Find the flow exit temperature and the rate of change of entropy using Table 
A. 8. 

Solution: 

C.V. Heat exchanger, Steady, 1 inlet, 1 exit, no work. 

Continuity Eq.: c C02 = 0-6, C H20 = 0-4 

Energy Eq.: Q = m(h e - hj) => h e = hj + Q/m 

Inlet state: Table A. 8 hj = 0.6 x 1223.34 + 0.4 x 2466.25 = 1720.5 kJ/kg 

Exit state: h e = hj + Q/m = 1720.5 - 300/0.3 = 720.5 kJ/kg 
Trial and error for T with h values from Table A. 8 

@500 K h e = 0.6 x 401.52 + 0.4 x 935.12 = 614.96 kJ/kg 

@600 K h e = 0.6 x 506.07 + 0.4 x 1133.67 = 757.11 kJ/kg 

@550 K h e = 0.6 x 453.03 + 0.4 x 1033.63 = 685.27 kJ/kg 

Interpolate to have the right h: T = 575 K 

Entropy Eq.7.8: ms e = msj + Q/T + S gen 

The rate of change of entropy for the flow is (P is assumed constant) 
m(s e - Sj) = m(s xe - 4i> 

= 0.3[ 0.6(5.48175 - 6.3483) + 0.4(11.73925 - 13.3492) ] 

= -0.349 kW/K 

The entropy generation rate cannot be estimated unless the integral dQ/T can 
be evaluated. If the dQ leaves at the local mixture T (assumed uniform over 
the flow cross section) the process is internally reversible and then externally 
irreversible. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


11.63 

A mixture of 60% helium and 40% nitrogen by mass enters a turbine at 1 MPa, 
800 K at a rate of 2 kg/s. The adiabatic turbine has an exit pressure of 100 kPa 
and an isentropic efficiency of 85%. Find the turbine work. 

Solution: 

Assume ideal gas mixture and take CV as turbine. 

Energy Eq.4.13: w T s = hj - h es , 

Entropy Eq.7.8: s es = Sj, adiabatic and reversible 

Process Eq.6.23: T es = Tj/Pg/Pj)^' 1 )/k 

Properties from Eq.11.23, 11.15 and 6.23 

C Pmix = 0.6x 5.193 + 0.4x 1.042 = 3.5326 kJ/kg-K 
Rmix = 0.6x 2.0771 + 0.4x 0.2968 = 1.365 kJ/kg-K 
(k-l)/k = R/Cp ^ = 1.365/3.5326 = 0.3864 

T es = 800 K (lOO/lOOO) 0 3864 = 328.6 K 

w Xs = Cp(Tj - T es ) = 3.5326 kJ/kg-K x (800 - 328.6) K = 1665 kJ/kg 
w T ac = ri w Ts = 0.85 x 1665 kJ/kg = 1415.5 kJ/kg 

W T ac = mw T ac = 2 kg/s x 1415.5 kJ/kg = 2831 kW 
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11.64 

Three steady flows are mixed in an adiabatic chamber at 150 kPa. Flow one is 2 
kg/s of 0 2 at 340 K, flow two is 4 kg/s of N 2 at 280 K and flow three is 3 kg/s of 

C0 2 at 310 K. All flows are at 150 kPa the same as the total exit pressure. Find 
the exit temperature and the rate of entropy generation in the process. 

Solution: 

C.V. Mixing chamber, no heat transfer, no work. 

Continuity Eq.4.9: irq + m 2 + m3 = 1114 

• • • • 

Energy Eq.4.10: irqhi + m 2 h 2 + np^hg = 1114114 

• • • • • 

Entropy Eq.7.7: mjSj + m 2 s 2 + 1113S3 + S gen = m 4 s 4 

Assume ideal gases and since T is close to 300 K use heat capacity from A. 5 
in the energy equation as 



m l C P02( T l - T4) + m 2 C PN2( T 2 - T4) + m 3 C PC02( T 3 ‘ T4) = 0 

(2 X 0.922 X 340 + 4 X 1.042 x 280 + 3 x 0.842 x 310) kW 

= (2 x 0.922 + 4 x 1.042 + 3 x 0.842 ) kW/K x T 4 

=> 2577.06 K = 8.538 T 4 => T 4 = 301.83 K 

State 4 is a mixture so the component exit pressure is the partial pressure. For 
each component s e - Sj = C P ln(T e / Tj) - R ln(P e / Pj) and the pressure 

ratio is P e / Pj = y P4 / Pj = y for each, 
nr 2 4 3 

n — ^ = 22 28 013 44 01 ~ + 0*1428 + 0.06817 = 0.2735 

0.0625 0.1428 0.06817 

yo2 _ q 2735 ” 0.2285, y^2 — q 2735 ” 0.5222, yco2 ~ q 2735 ” 0.2493 

The entropy generation becomes 

• • • 

m 1 (s 4 - Si) + m 2 (s 4 - s 2 ) + m 3 (s 4 - s 3 ) 

2 [ 0.922 ln(30 1.83/340) - 0.2598 ln(0.2285)] 

+ 4 [ 1.042 ln(301. 83/280) - 0.2968 ln(0.5222)] 

+ 3 [ 0.842 ln(301.83/310) - 0.1889 ln(0.2493)] 

0.5475 + 1.084 + 0.2399 = 1.871 kW/K 
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11.65 

A tank has two sides initially separated by a diaphragm. Side A contains 1 kg of 
water and side B contains 1.2 kg of air, both at 20°C, 100 kPa. The diaphragm is 
now broken and the whole tank is heated to 600°C by a 700°C reservoir. Find the 
final total pressure, heat transfer and total entropy generation. 

C.V. Total tank out to reservoir. 

Energy Eq.3.5: U 2 - U\ = m a (u 2 - u : ) a + m v (u 2 - u{) v = iQ 2 

Entropy Eq.6.37: 

S 2 — m a (s 2 - Sj) a + m v (s 2 - Sj) v — iQ 2 /T res + Sg en 
Volume: V 2 = V A + V B = m v v vl + m a v al = 0.001 + 1.009 = 1.01 m 3 

v v2 = V 2 /m v = 1.01 m 3 /kg, T 2 => P 2v = 400 kPa 
v a2 = V 2 /m a = 0.8417 m 3 /kg, T 2 => P 2a = mRT 2 /V 2 = 297.7 kPa 

p 2tot = P 2v + p 2a = 697.7 kPa 
Water table B.l: uj = 83.95 kJ/kg, u 2 = 3300 kJ/kg, 

sj = 0.2966 kJ/kg K, s 2 = 8.4558 kJ/kg K 
Air table A.7: uj = 293 kJ/kg, u 2 = 652.3 kJ/kg, 

s Tl = 2.492 kJ/kg K, s T2 = 3.628 kJ/kg K 

From energy equation we have 

iQ 2 = 1(3300 - 83.95) + 1.2(652.6 - 209.4) = 3747.9 kj 

From the entropy equation we have 

S gen = 1(8-4557 - 0.2966) + 1.2 [7.9816 - 6.846 - 0.287 x ln(297.7/100)] 

- 3747.9 / 973.2 = 5.3 kJ/K 
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11.66 

Reconsider the Problem 1 1.46, but let the tanks have a small amount of heat 
transfer so the final mixture is at 400 K. Find the final pressure, the heat transfer 
and the entropy change for the process. 

C.V. Both tanks. Control mass with mixing and heating of two ideal gases. 


n Ar - PaiVa/RT a1 _ 


300x1 

8.3145x283.2 


= 0.1274 kmol 


200 x2 


n c 2 H 6 - PbiVb/RT b1 - g 3i45 x 323 2 - 0-1489 kmol 


Continuity Eq.: n 2 = n^. + n C2H6 = 0.2763 kmol 


Energy Eq.: - n Ar C V0 (T 2 -T A1 ) + n C2H6 C vo (T 2 -T B1 ) - jQ 2 


P 2 = n 2 RT 2 /( V A + V B ) = 0.2763x8.3145x400 / 3 = 306.3 kPa 
jQ 2 = 0.1274x39.948x0.312(400 - 283.15) 

+ 0.1489x30.07x1.49(400 - 323.15) = 698.3 kj 

AS SURR = - 1 Q 2 /TSURR’ ^S SY s = n Ar A ^Ar + n C 2 n 6 A Sc 2 H 6 

y Ar = 0.1274/0.2763 = 0.4611 

T7 _ y Ar P 2 
AS Ar = C P Ar ln^ - R In -5 — 

A ‘ FAl T A1 P A1 

400 0.4611x306.3 

= 39.948x0.520 In 2g3 13 - 8.3145 In ^qo 

= 13.445 kJ/kmol K 

T 2 y C 2 H 6 P 2 

AS c 2 h 6 - C c 2 h 6 ln T B j ■ R ln P BI 

400 0.5389x306.3 

= 30.07x1.766 ln 223 15 - 8.3145 ln 

= 12.9270 kJ/kmol K 

Assume the surroundings are at 400 K (it heats the gas) 

AS net = n Ar AS Ar + n C2H6 AS C2H6 + AS surr 

= 0.1274x13.445 + 0.1489x12.9270 - 698.3/400 

= 1.892 kJ/K 
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11.67 

Atmospheric air is at 100 kPa, 25°C and relative humidity 65%. Find the absolute 

humidity and the dew point of the mixture. If the mixture is heated to 30°C what 
is the new relative humidity? 

Solution: 

Eq. 11.25: P v = $ P g = 0.65 x 3.169 = 2.06 kPa 

Eq.11.28: w = 0.622 P v /(P tot - P v ) = 0.622 x 2.06/(100 - 2.06) = 0.01308 
T dew is the T such that P g (T) = P v = 2.06 kPa 


B.1.1 


T. lo „, = 17.9 °C 


Heating => w is constant => P v is constant 


From Table B.1.1: P g (30°C) = 4.246 kPa 

(|> = P v /P g = 2.06/4.246 = 0.485 or 49 % 
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11.68 

A flow of 1 kg/s saturated moist air (relative humidity 100%) at 100 kPa, 10°C 

goes through a heat exchanger and comes out at 25°C. What is the exit relative 
humidity and how much power is needed? 

Solution: 

State 1: (jq = 1 ; P v = P g = 1.2276 kPa 

Eq.11.28: w = 0.622 P v /P a = 0.622 x 1.2276/(100 - 1.2276) = 0.00773 
State 2 : No water added => w 2 = wj => P v 2 = P v i 

(j >2 = P V 2 /p g 2 = 1-2276/3.169 = 0.387 or 39 % 

Energy Eq.6.10 

Q = m 2 h 2 - mjhj = m a ( h 2 - h 2 ) air + wm a ( h 2 - h 1 ) vapor 

m to t = m a + m v = m a (l + w : ) 

Energy equation with Cp a j r from A. 5 and h’s from B.1.1 

• ^tot ^tot 

Q = TT^ C P air (25 -10) + w (h g2 - h gl ) 

1 lx 0.00773 

= Y 00773 x 1 • 004(25 -10) + 1 ()Q773 (2547. 17 - 25 19.74) 

= 14.9445 + 0.210407 = 15.15 kW 
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11.69 

If I have air at 100 kPa and a) -10°C b) 45°C and c) 1 10°C what is the 
maximum absolute humidity I can have? 

Humidity is related to relative humidity (max 100%) and the pressures as in 
Eq. 11.28 where from Eq. 1 1 .25 P v = ® P a and P a = P tot - P v . 


p v ®P g 

CO = 0.622 -jr = 0.622- 

r a r tot ^ r g 


a) P a = 0.2601 kPa, 

b) P a = 9.593 kPa, 

c) P a = 143.3 kPa, 


0.2601 

co = 0.622 x iqo . o 26 = 0.001 62 

9.593 

co = 0.622 x iQo _ g ^03 = 0.0660 
no limit on co for P tot =100 kPa 
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11.70 

A new high-efficiency home heating system includes an air-to-air heat exchanger 
which uses energy from outgoing stale air to heat the fresh incoming air. If the 
outside ambient temperature is -10°C and the relative humidity is 50%, how 
much water will have to be added to the incoming air, if it flows in at the rate of 1 

m /s and must eventually be conditioned to 20°C and 45% relative humidity? 

Solution: 

Outside ambient air: P vl = (jqP gl = 0.50 x 0.2602 = 0.1301 kPa 

Assuming Pj = P 2 = 100 kPa, => P A1 = 100 - 0.1301 = 99.87 kPa 


p Al v l 99.87 x 1 , 

m A " R a T : - 0.287 x 263.2 “ 13224 kg/s 


0.1301 


= 0.00081 


From Eq. 11.28: Wj = 0.622 x ^ gy 

Conditioned to : T 2 = 20 °C, cj) 2 = 0.45 

Eq.11.25: P v2 = (j) 2 P g2 = 0.45 x 2.339 kPa= 1.0526 kPa 


=> 


1.0526 


Eq.11.28: w 2 - °- 622 x i 0 0 - 1.0526 
Continuity equation for water, 


= 0.00662 


rhjiq in = m A (w 2 - w : ) = 1.3224 (0.00662 - 0.00081) 
= 0.007683 kg/s = 27.66 kg/h 



OUTSIDE 


SIDE 
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11.71 


Consider 100 m of atmospheric air which is an air-water vapor mixture at 100 
kPa, 15°C, and 40% relative humidity. Find the mass of water and the humidity 
ratio. What is the dew point of the mixture? 

Solution: 

Air- vapor P = 100 kPa, T = 15 °C, cj) = 40% 

Use Table B.1.1 and then Eq.11.25 

P g = P satl5 = 1-705 kPa => P v = <j) P g = 0.4x1.705 = 0.682 kPa 

0.682x100 

0.461x288.15 “ 0,513 kg 


_PyV 
m v - R ^ T 


p a = P to t- P vl = 100 - 0.682 = 99 - 32 kPa 


P aV 


, _ 99.32x100 
- RoT ” 0.287x288.15 “ 120-1 kg 


w 1 = 


m v 0.513 
120.1 


m 


= 0.0043 


a 


T dew is T when P v = P g = 0.682 kPa; 
Table B. 1.2 gives T = 1.4 °C 
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11.72 

A flow of 2 kg/s completely dry air at 7^, 100 kPa is cooled down to 10°C by 

spraying liquid water at 10°C, 100 kPa into it so it becomes saturated moist air at 
10°C. The process is steady state with no external heat transfer or work. Find the 
exit moist air humidity ratio and the flow rate of liquid water. Find also the dry air 
inlet temperature T \ . 

Solution: 

2: saturated P v = P g = 1.2276 kPa and h fg (10°C)= 2477.7 kJ/kg 

Eq.11.25: w 2 = 0.622 x 1.2276/ (100 - 1.2276) = 0.00773 


Dry air | Liquid water 



C.V. Box 

Continuity Eq.: m a + m liq = m a (l + w 2 ) => 

m liq = w 2 m a = 0.0155 kg/s 

Energy Eq. : m a h al + m liq h f = m a (h a2 + w 2 h g2 ) 

h al - h a2 = C pa (T r T 2 ) = w 2 h g2 - w 2 h f = w 2 h fg 

= 0.0073 kg/kg dry air x 2477.75 kJ/kg = 9.15 kJ/kg dry air 
T : = T 2 + (h al - h a2 )/C pa = 10 + 9.15/1.004 = 29.1°C 
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The products of combustion are flowing through a heat exchanger with 12% CO 2 , 
13% HoO and 75% N 2 on a volume basis at the rate 0.1 kg/s and 100 kPa. What is 

the dew-point temperature? If the mixture is cooled 10°C below the dew-point 
temperature, how long will it take to collect 10 kg of liquid water? 

Solution: 

Volume basis is the same as mole fraction 


YhoO — 0-13; PhoO — YhoO P — 0.13x100 kPa — 13 kPa, 
Table B . 1 . 2 T dEw = 50.95 °C 

Cool to 40.95 °C < T dEw so saturated — > P G = 7.805 kPa 

y H2 o = P G /P = 7.805/100 = n H2 Q (v) /(n H2 Q (v) + 0.87) 

n HiO(v) = 0.07365 per kmol mix in 


-> n LIQ = 0.13 - 0.07365 = 0.05635 

Eq.11.5: M mixin = 0.12x44.01 + 0.13x18.015 + 0.75x28.013 = 28.63 kg/kmol 

. . „ , 0.1 kg/s 

n Mix in = m TOTAi / m mix in = 28.63 kg/kmol = 0-003493 kmol/s 


n L iQcoND = 0.003 493x0.05635 = 0.000 197 kmol/s 


or m LI Q COND = 0.000 197 kmol/s x 18.015 kg/kmol = 0.003 55 kg/s 


For 10 kg, it takes: 


At = m/m = 


10 kg 

0.00355 kg/s 


47 minutes 
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11.74 

Consider a 1 m /s flow of atmospheric air at 100 kPa, 25 °C, and 80% relative 
humidity. Assume this flows into a basement room where it cools to 15°C, 100 
kPa. Find the rate of water condensing out and the exit mixture volume flow rate. 


Solution: 

State 1: P g = P sa t25 = 3.169 kPa => P v = (|> P g = 0.8 x 3.169 = 2.535 kPa 


. _ P yV _ 2.535 x1 
mvl _ R V T _ 0.461 x 298.15 


= 0.0184 kg/s 


Wj 


m vl Pyi 2.535 

— = 0.622 ^ = 0.622 = 0.0162 

m Al A1 


. m vl 0.Q184 
mA1 ~ w : “0.0162 


1.136 kg/s = m A2 


(continuity for air) 


Check for state 2: 

P gl5°C = 1-705 kPa < P vl 
so liquid water out. 



State 2 is saturated (j) 2 = 100% , P v2 = P g2 = 1-705 kPa 

P v2 1 .705 

w 2 = 0.622 p — = 0.622 ^qq . J 7Q5 = 0.0108 
A2 

m v2 = w 2 m A2 = 0.0108 x 1.136 = 0.0123 kg/s 


rhiiq = m vl - m v2 = 0.0184 - 0.0123 = 0.0061 kg/s 


. A A2 R a T 2 m A2 R a T 2 1.136 x 0.287 x 288.15 3( 

V_ P a2 “ P-P v2 “ 100- 1.705 - 0.956 m/s 

Note that the given volume flow rate at the inlet is not that at the exit. The 
mass flow rate of dry air is the quantity that is the same at the inlet and exit. 
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11.75 

Ambient moist air enters a steady-flow air-conditioning unit at 102 kPa, 30°C, 
with a 60% relative humidity. The volume flow rate entering the unit is 100 L/s. 
The moist air leaves the unit at 95 kPa, 15°C, with a relative humidity of 100%. 
Liquid also leaves the unit at 15°C. Determine the rate of heat transfer for this 
process. 

Solution: 

State 1: P V i = ^P G l = 0.60 x 4.246 = 2.5476 

w i = 0.622 x 2.5476/(102 - 2.5476) = 0.01593 

p AlVl 99.45x0,1 , 

mA_ R a T : “0.287x303.2" 0-1 143 kg/s 

p v 2 = P g2 = 1.705 kPa, w 2 = 0.622 x 1.705/(95 - 1.705) = 0.01137 
Energy Eq.4. 10: Q cV + mA h Al + V 1 h V 1 = m A h A2 + m V 2 h A2 + m 3 h L3 


Qcv/Aa - Cpoa(T 2 -Ti) + w 2 h V 2 - w 1 h vl + (w 1 -w 2 )h L3 

= 1.004(15-30) + 0.01137x2528.9 - 0.01593x2556.2 
+ 0.00456x63.0 = -26.732 kJ/kg air 


Q cv = 0. 1 143(-26.73) = -3.055 kW 
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11.76 

A room with air at 40% relative humidity, 20°C having 50 kg of dry air is made 

moist by boiling water to a final state of 20°C and 80% humidity. How much 
water was added to the air? 


The water content is expressed by the absolute humidity (humidity ratio) from 
Eq. 11.28 and 11.25 


wj = 0.622 x 


0.4 x 2.339 
101.325 -0.4 x 2.339 


0.005797 


w 2 = 0.622 x 


0.8 x 2.339 
101.325 -0.8 x 2.339 


0.011703 


m water = m a ( w 2 ~ w l) = 50 kg (0.01 1703 - 0.005797) = 0.295 kg 
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11.77 

Consider a 500-L rigid tank containing an air-water vapor mixture at 100 kPa, 
35°C, with a 70% relative humidity. The system is cooled until the water just 
begins to condense. Determine the final temperature in the tank and the heat 
transfer for the process. 

Solution: 

p vl = ^ P G1 = 0.7x5.628 = 3.9396 kPa 
Since m v = const & V = const & also P v = P G2 : 

P G2 = p vl x T/Tj = 3.9396x T 2 /308.2 = 0.01278 T 2 
Assume T 2 = 30°C: 0.01278x303.2 = 3.875 * 4.246 = P G 30C 

Assume T 2 = 25°C: 0.01278x298.2 = 3.811 * 3.169 = P G25C 

interpolating — > T 2 = 28.2 °C 
3.9396 

w 2 “ w t - 0.622 ( 10 0-3.9369) “ 0 ' 025 51 

m a = PaiV/Rj! = ( 100-3. 94)x0. 5/(0. 287x308. 2) = 0.543 kg 
Energy Eq.: 

A = U 2 -Uj = m a (u a2 -u al ) + m v (u v2 -u vl ) 

= m a [C v (T a2 -T al ) + Wj (u v2 -u vl ) ] 

= 0.543 [0.717(28.2 - 35) + 0.02551 (2414.2 - 2423.4) ] 

= 0.543 kg (-5.11 kJ/kg) = -2.77 kj 
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11.78 

A saturated air-water vapor mixture at 20 °C, 100 kPa, is contained in a 5-m 3 
closed tank in equilibrium with 1 kg of liquid water. The tank is heated to 80°C. Is 
there any liquid water in the final state? Find the heat transfer for the process. 



a) Since V liq = m liq v F « 0.001 m 3 , V GAS « V 
d> = 1.00 -> P , = P_ = 2.339 kPa 

T 1 vl G1 

Wj = 0.622x 2.339 /(100 - 2.339) = 0.0149 


_ P ai V _ 97.661x4.999 
m a - R T. “ 0.287x293.2 

a 1 


5.802 kg 


=> m , =w.m = 0.086 kg 

vl 1 a ° 


At state 2: 


353.2 4.999 

P a9 = 97.661 kPa x 2 x 5 =117.623 kPa 

W MAX2 = °' 622 x 4739 7 117 - 623 = 0.2506 


But 


0.086+ 1.0 

W 2 ACTUAL - 5.802 —0.1 8 72 < w max 2 


— > No liquid at 2 


m y2 = m yl + m liq = 0.086 kg + 1 kg = 1.086 kg 

Ql2 = m a ( U a2 ' + m V 2 U v2 ' m V l U vl ' m iiq 1% 1 

= m a C v (T a2 - T al ) + m y2 u y2 - m vl u yl - ,u |iq , 

= 5.802 x 0.717(80 - 20) + 1.086 x 2482.2 - 0.086 x 2402.9 - 1 x 84.0 
= 249.6 + 2695.7 - 206.65 - 84 = 2655 kj 
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11.79 

A flow of 0.2 kg/s liquid water at 80°C is sprayed into a chamber together with 16 

kg/s dry air at 60°C. All the water evaporates and the air leaves at 40°C. What is 
the exit relative humidity and the heat transfer. 

CV. Chamber. 

Continuity Eq. water: m liq = w ex m a 

Energy Eq. : m liq h liq + m a h a j + Q = m a (wh v + h a ) ex 


w ex = m liq / m a = 0.2 / 16 = 0.0125 

From Eq. 11.25 and 11.28 you can get 

w P 0.0125 


6 — p / P — — 

9ex - r v ' r g - 0.622 + w P " 0.622 + 0.0125 7.384 


= 0.267 = 27% 


Q = m a (wh v + h a ) ex - m liq h liq + m a h a j = m a ( h a ex -h ai )+ m liq (h v - h liq ) 

— m a Cp a (T ex — T in ) + ihjj q (h v 49 — hf go) 

= 16 x 1.004 (40 - 60) + 0.2 (2574.26 - 334.88) 

= - 321.28 + 447.88 = 126.6 kW 
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11.80 

A rigid container, 10 m in volume, contains moist air at 45°C, 100 kPa, (j> = 40%. 
The container is now cooled to 5°C. Neglect the volume of any liquid that might be 
present and find the final mass of water vapor, final total pressure and the heat transfer. 

Solution: 

CV container, m 2 = mi ; m 2 U 2 - miui = 1 Q 2 
State 1: 45°C, $ = 40% => wi = 0.0236 , T dew = 21. TC 
Final state T 2 < T dew so condensation, (j> 2 = 100% 

Pvt = 0.4 P g = 0.4 x 9.593 = 3.837 kPa, P aJ = P tot - P v i = 96.163 kPa 
m a = P a iV/RTi = 10.532 kg, m v i = wi m a = 0.248 kg 
P v2 = P g2 = 0.8721 kPa, P a2 = P a iT 2 /T! = 84.073 kPa 
P 2 = P a2 + P V 2 = 84.95 kPa 

m v2 = P v2 V/R v T 2 = 0.06794 kg (= V/v g = 0.06797 steam table) 

m f2 = m vl - m v2 -0.180 kg 
The heat transfer from the energy equation becomes 
1 Q 2 = m a (u 2 -ui) a + m v2 u g2 + m n u n - m vl u g i 

= m a C v (T 2 - Ti) + m v2 2382.3 + 20.97 - m vl 2436.8 

= -302.06 + 161.853 + 3.775 - 604.33 = - 740.8 kj 
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11.81 


A water-filled reactor of 1 m is at 20 MPa, 360°C and located inside an insulated 

containment room of 100 m that contains air at 100 kPa and 25 °C. Due to a 
failure the reactor ruptures and the water fills the containment room. Find the final 
pressure. 

CV Total container. 

m v (u 2 - ui) + m a (u 2 - ui) = iQ 2 - iW 2 = 0 

Initial water: vi = 0.0018226, ui = 1702.8 kJ/kg, m v = V/v = 548.67 kg 

PV 100 x 99 
RT “ 0.287 x 298.2 _ 115 ‘ 7kg 


Initial air: 


m a = 


Substitute into energy equation 

548.67 (u 2 - 1702.8) + 1 15.7x0.717 (T 2 - 25) = 0 

u 2 + 0.1511 T 2 = 1706.6 kJ/kg & v 2 = V 2 /m v = 0.18226 m 3 /kg 
Trial and error 2-phase (Tg Uess , v 2 => x 2 => u 2 => LHS) 

T = 150°C LHS = 1546 T = 160°C LHS = 1820.2 
T = 155°C LHS = 1678.1 => T = 156°C LHS = 1705.7 OK 
x 2 = 0.5372, P sat = 557.5 kPa 


Pa2 = PalViT 2 /V 2 Ti = 100x 99 x 429.15 / (100x298.15) = 142.5 kPa 
=> P 2 = P a2 + Psat = 700 kPa. 
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11.82 

In the production of ethanol from corn the solids left after fermentation are dried 
in a continuous flow oven. This process generates a flow of 15 kg/s moist air, 
90°C with 70% relative humidity, which contains some volatile organic 
compounds and some particles. To remove the organic gasses and the particles, 
the flow is send to a thermal oxidicer where natural gas flames brings the 
mixture to 800°C. Find the rate of heating by the natural gas burners. 

For this problem we will just consider the heating of the gas mixture and due to 
the exit temperature we will use the ideal gas tables A7 and A8. 


Eq. 11.25: P v = P g = 0.70 x 70.14 = 49.098 kPa 

P v 49.098 

Eq. 11.28: co = 0.622 y jy = 0.622 x ^ = 0.60 

Flow: m tot = m a + m v = m a ( 1 + co) so 

m tot B B 

m a = = 9.375 kg/s; m v = m tot yyy = 5.625 kg/s 

Process: Heating => co is constant => P v is constant 

For ideal gas the enthalpy does not depend on pressure so the energy equation 
gives the heat transfer as 

Q = m a (h 2 - hj) a + m v (h 2 - h^ 

= 9.375 (1130.2 - 364.0) + 5.625 (2164.3 - 672.75) 

= 15 573 kW 
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To save on natural gas use in the previous problem it is suggested to take and cool 
the mixture and condense out some water before heating it back up. So the flow is 
cooled from 90°C to 50°C and the now dryer mixture is heated to 800°C. Find 
the amount of water condensed out and the rate of heating by the natural gas 
burners for this case. 


Eq. 11.25: P vl = cjq P g = 0.70 x 70.14 = 49.098 kPa 

p v 49.098 

Eq. 11.28: oq = 0.622 p — = 0.622 x ^ = 0.60 

Flow: m tot = m a + m v = m a (l + w) so 

a rritot , , co 

m a = 77^ = 9.375 kg/s; m vl = m tot 777= 5.625 kg/s 

Now cool to 50°C: P„ = 12.35 kPa < P vl so cj) 2 = 100%, P v 2 = 12.35 kPa 

w 2 = 0.622 = 0.622 x 100 _ 12 .35 = 0-0876 

rh|j q = m a ( ccq- C02) = 9.375 (0.6 - 0.0876) = 4.80375 kg/s 

The air flow is not changed so the water vapor flow for heating is 

m v 2 = m vl - m liq = 5.625 - 4.80375 = 0.82125 kg/s 
Now the energy equation becomes 

Q = m a (h 3 - h 2 ) a + m v2 (h 3 - h 2 ) v 

= 9.375 (1 130.2 - 323.75) + 0.82125 (2164.3 - 597.65) 

= 8847 kW 

Comment: If you solve the previous problem you find this is only 57% of the 
heat for the case of no water removal. 
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Tables and formulas or psychrometric chart 
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11.84 

I want to bring air at 35°C, ® = 40% to a state of 25°C, co = 0.015 do I need to 
add or subtract water? 

The humidity ratio (absolute humidity) expresses how much water vapor is 
present in the mixture 

co = m v / m a 

Assuming P = 100 kPa, 

P P 

co = 0.622 7 “ = 0.622 p p and P v = O P„ 

At 35°C, 40 % : 

0.40x5.628 

co - 0.622 x 10Q _ 0 40x5 628 - °- 014 32 
To get to co = 0.015 , it is necessary to add water. 
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11.85 

A flow moist air at 100 kPa, 40°C, 40% relative humidity is cooled to 15°C in a 
constant pressure device. Find the humidity ratio of the inlet and the exit flow, 
and the heat transfer in the device per kg dry air. 

Solution: 

C.V. Cooler. m vl = m liq + m v2 

Tables: P gl = 7.384 kPa, P vl = (^P„ = 0.4x 7.384 = 2.954 kPa, 

coj = 0.622 x 2.954 /(100 - 2.954) = 0.0189 
T 2 < T dew [from Pg(T dew ) = 2.954] => P v2 = 1.705 kPa = P g2 => 
co 2 = 0.622 X 1.705 /(100 - 1.705) = 0.0108 
h vl = 2574.3 kJ/kg, h v2 = 2528.9 kJ/kg, h f = 62.98 kJ/kg 
9out = Cp(Tj - T 2 ) + cojhyj - co 2 h v2 - (coi- co 2 ) h f 

= 1.004(40 - 15) + 0.0189 x 2574.3 - 0.0108 x 2528.9 - 0.0073 x 62.98 

= 45.98 kJ/kg dry air 

Psychrometric chart: State 2: T < T dew = 23°C => cj) 2 = 100% 

m vl /m a = CO! = 0.018, hi = 106; m v2 /m a = co 2 = 0.0107 , h 2 = 62 
mii q /m a = o>r co 2 = 0.0073 , h f = 62.98 kJ/kg 

m a q ou t = m a h, - m liq h f - m a h 2 => 

q out = hi - (coi- co 2 ) hf - h 2 = 106 - 0.0073 x 62.98 - 62 

= 43.54 kj/kg-dry air 
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11.86 

Use the formulas and the steam tables to find the missing property of: cj), co, and 
Tdry, total pressure is 100 kPa; repeat the answers using the psychrometric chart 

a. (j) = 50%, co = 0.010 b. T dry = 25°C, T wet = 21°C 
Solution: 

a. From Eq.l 1.28 with P a = P - P v solve for P v : 

P v = P co /(0.622 + co) = 100 x 0.01/0.632 = 1.582 kPa 
From Eq.l 1.25 P g = P v /^ = 1.582/0.5 = 3.165 kPa => T = 25°C 

b. At 21°C:: P g = 2.505 => co 2 = 0.622 x 2.505/(100 - 2.505) = 0.016 
From the steam tables B.1.1 

h G = 88.126 and h fg2 = 2451.76 kJ/kg, h vl = 2547.17 
From Eq.l 1.30: 

CO! = [Cp(T 2 -T!) + co 2 h fg2 ]/(h vl - he) = 0.0143 
From Eq.l 1.28 with P a = P - P v solve for P v : 

P v = P co /(0.622 + co) = 2.247 kPa, 

From Eq.l 1.25: c^ = 2.247/3.169 = 0.71 

Using the psychrometric chart E.4: 

a: T dry = 25.3°C b: co = 0.0141, <|> = 71-72% 
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11.87 

The discharge moist air from a clothes dryer is at 40°C, 80% relative humidity. 
The flow is guided through a pipe up through the roof and a vent to the 

atmosphere. Due to heat transfer in the pipe the flow is cooled to 24°C by the time 
it reaches the vent. Find the humidity ratio in the flow out of the clothes dryer and 
at the vent. Find the heat transfer and any amount of liquid that may be forming 
per kg dry air for the flow. 

Solution: 


State 1: Just outside chart 

P a = 0.8 x 7.384 = 5.907 kPa 

(0! = 0.622 x 5.907 /(100 - 5.907) 

= 0.0390, 

T dew = 35.8°C 

State 2: 24°C < Tdew so ^ is saturated. 

co 2 = 0.019, 

• • 

m iiq/m a = co i - o :>2 = 0.0099 kg/kg dry air 
Energy Eq.: 



Q/m a = (h a2 + co 2 h v2 ) - (h al + co!h vl ) + (aq - co 2 ) h f 

= C pa ( T 2 - T l) + “2 h v2 - ®l h vl + (®1 - ®2) h f 

= 1.004(24 - 40) + 0.019x2545.1 - 0.039x2574.3 + 0.0099 x 100.7 

= -67 kj/kg dry air 
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11.88 

A flow, 0.2 kg/s dry air, of moist air at 40°C, 50% relative humidity flows from 
the outside state 1 down into a basement where it cools to 16°C, state 2. Then it 
flows up to the living room where it is heated to 25°C, state 3. Find the dew point 
for state 1, any amount of liquid that may appear, the heat transfer that takes place 
in the basement and the relative humidity in the living room at state 3. 

Solve using psychrometric chart: 

a) T dew = 27.2 (w = wj, (j) = 100%) Wj = 0.0232, fq = 118.2 kJ/kg air 

b) T 2 < T dew so we have (j) 2 = 100% liquid water appear in the basement. 

=> w 2 = 0.01 14 h 2 = 64.4 and from steam tbl. h f = 67.17 
m liq = m air (w,-w 2 ) = 0.2(0.0232-0.0114) = 0.00236 kg/s 

c) Energy equation: m air h, = m liq h f + m air h 2 + Q out 

Q out = 0.2[118.2 - 64.4 -0.0118x67.17] = 10.6 kW 

d) w 3 = w 2 = 0.01 14 & 25°C => (j) 3 = 58%. 

If you solve by the formulas and the tables the numbers are: 

Pg40 = 7.384 kPa; P vl = (j) P g40 = 0.5 x 7.384 = 3.692 kPa 

Wl = 0.622 x 3.692 / (100 - 3.692) = 0.02384 
Pvl = Pg ( T dew) => T dew 1 = 27.5 °C 

2: (^=100%, P v2 = P 22 = 1.832 kPa, w 2 = 0.622x1.832/98.168 = 0.0116 

m liq = m air (w r w 2 ) = 0.2x0.01223 = 0.00245 kg/s 
3: w 3 = w 2 => P v3 = P v2 = 1.832 kPa & P„ 3 = 3.169 kPa 

cj) 3 = P v /P g = 1.832/3.169 = 57.8% 
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11.89 

A steady supply of 1.0 m /s air at 25°C, 100 kPa, 50% relative humidity is needed 
to heat a building in the winter. The outdoor ambient is at 10°C, 100 kPa, 50% 
relative humidity. What are the required liquid water input and heat transfer rates 
for this purpose? 

Solution: 

Air: R a = 0.287 kJ/kg K, C p = 1 .004 kJ/kg-K 
State 1: Tj = 10°C, (jq = 50%, P : = 100 kPa 

P gl = 1.2276 kPa, P vl = <|q P gl = 0.6138 kPa, 

p al = p r p vl = 99.39 kPa => oq = 0.622 P v i/P a i = 0.003841 

State 2: T 2 = 25°C, P 2 = 100 kPa, fa = 50%, V 2 = 1 m 3 /s 
P g2 = 3 . 1 69 kPa, P v2 = faP g2 = 1-5845 kPa, 
p a2 = P 2 - p v2 = 98.415 kPa, co 2 = 0.622 P v2 /P a2 = 0.010014 

m a2 = P a2 V 2 /R a T 2 = 98.415 x 1/(0.287 x 298.15) = 1.15 kg/s 
Steam tables B.1.1: h vl = 2519.7 kJ/kg, h v2 = 2547.2 kJ/kg 

State 3: Assume liq. water at T 3 = 25°C, h f3 = 104.9 kJ/kg 

• • • • • 

Conservation of Mass: m al = m a2 , m f3 = m v2 - m vl 

m f 3 = m a2 (co 2 - oq) = 1.15 x 0.006173 = 0.0071 kg/s 

Energy Eq. : Q + m al h al + m vl h vl + m f3 h f3 = m a2 h a2 +m v2 h v2 

• 

Q m f3 

q- = C (T 2 - Tj) + co 2 h v2 - cojhyj - h f3 

• 1 • 

m a m a 

= 1.004(25 - 10) + 0.010014 x 2547.2 - 0.003841 x 2519.7 
-0.006173 x 104.9 
= 30.24 kJ/kg dry air 

=> Q = m al q = 1.15 kg/s x 30.24 kJ/kg = 34.78 kW 
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11.90 

In a ventilation system inside air at 34°C and 70% relative humidity is blown 

through a channel where it cools to 25°C with a flow rate of 0.75 kg/s dry air. 

Find the dew point of the inside air, the relative humidity at the end of the 
channel, and the heat transfer in the channel. 

C.V. Cooler. m vl = m liq + m v2 

Tables: P gl = 5.352 kPa, P vl = $ P 2 = 0.7 x 5.352 = 3.75 kPa, 
coj = 0.622 x 3.75 /(101 - 3.75) = 0.024 

T 2 <T dew = 27C [from P g (T dew ) = 3.75] => P v2 = 3.169 kPa = P g2 
co 2 = 0.622 x 3.169 /(101 - 3.169) = 0.02015 
h vl = 2563.47 kJ/kg, h v2 = 2547.17 kJ/kg, h f = 104.87 kJ/kg 

9out = CpfTj - T 2 ) + C0fh vl - co 2 h v2 - (aq- co 2 ) h f 

= 1.004(34 - 25) + 0.024 x 2563.47 - 0.02015 x 2547.17 - 0.00385 x 104.87 
= 18.83 kJ/kg dry air 

Q = m a q out = 0.75 kg/s x 18.83 kJ/kg = 14.1 kW 
Psychrometric chart: State 2: T < T dew = 27.5°C => (j) 2 = 100% 

m vl /m a = (Of = 0.0234, hf = 113.7 kJ/kg air; 

m v2 /iri a = ©2 = 0.0202 , h 2 = 96 kJ/kg air 

mii q /m a = O]- co 2 = 0.0032 , h f = 104.87 kJ/kg 

m a q ou t = m a h, - m liq h f - m a h 2 => 

q out = hj - ( co | — co 2 ) h f - h 2 = 1 13.7 - 0.0032 x 104.87 - 96 = 17.36 kJ/kg-air 
Q = m a q out = 13.0 kW 
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11.91 

Two moist air streams with 85% relative humidity, both flowing at a rate of 0.1 
kg/s of dry air are mixed in a steady setup. One inlet flowstream is at 32.5°C and 
the other at 16°C. Find the exit relative humidity. 

Solution: 

CV mixing chamber. 

Continuity Eq. water: m air wi + m air W 2 = 2m air w ex ; 

Energy Eq. : m air hi + m air h 2 = 2m air h ex 

Properties from the tables and formulas 

Pg 32 . 5 = 4.937 kPa; P vl = 0.85x4.937 kPa = 4.196 kPa 
w x = 0.622 x 4.196 / (100 - 4.196) = 0.0272 
P gl6 = 1.831 kPa; P v2 = 0.85x1.831 kPa= 1.556 kPa 
w 2 = 0.622 x 1.556 / (100 - 1.556) = 0.00983 
Continuity Eq. water: w ex = (wi + w 2 )/2 = 0.0185 ; 

For the energy equation we have h = h a + wh v so: 

2 hex - hi - h 2 = 0 = 2h a ex - h a j - h a 2 + 2w ex h v ex - wih v i - wh v 2 
we will use constant specific heat to avoid an iteration on T ex . 

C p air( 2T ex ' T 1 ' T 2) + C p H2C)( 2w ex T ex ' W 1 T 1 ' W 2 T 2) = 0 

T ex = [ C p air( T l + T 2) + C p H2o( w l T l + W 2 T 2) V [ 2C p air + 2w ex C p H2C>] 
= [ 1.004 (32.5 + 16) + 1.872(0.0272 x 32.5 + 0.00983 x 16]/2.0773 
= 24.4°C 


w 


vv ex 0.0185 

Pv ex = 0.622 + w ex Ptot = 0.622 + 0.0185 100 = 2 ' 888 kPa ’ 


P gex = 3.069 kPa => (^ = 2.888/3.069 = 0.94 or 94% 

Properties taken from the psychrometric chart 
State 1: wi = 0.0266, hi = 120 State 2: w 2 = 0.0094, h 2 = 60 
Continuity Eq. water: w ex = (wi + w 2 )/2 = 0.018 ; 


Energy Eq.: h ex = (hi + h 2 )/2 = 90 kJ/kg dry air 

exit: w ex , h ex => T ex = 24.5°C, ^ = 94% 

Notice how the energy in terms of temperature is close to the average of the 
two flows but the relative humidity is not. 
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11.92 

A combination air cooler and dehumidification unit receives outside ambient air 
at 35°C, 100 kPa, 90% relative humidity. The moist air is first cooled to a low 
temperature 7 2 to condense the proper amount of water, assume all the liquid 

leaves at T 2 . The moist air is then heated and leaves the unit at 20°C, 100 kPa, 

relative humidity 30% with volume flow rate of 0.01 m /s. Find the temperature 
T 2 , the mass of liquid per kilogram of dry air and the overall heat transfer rate. 


Solution: 


MIX 

IN 



-Q r 
C OUT 


MIX 

OUT 

CV 


p vi = (f>iP G i = 0.9 x 5.628 = 5.0652 kPa 

5.0652 

w i - °- 622 x 100-5.0652 “ °- 033 19 
P v3 = ^3 P G3 = °- 3 x 2.339 = 0.7017 kPa 

0.7017 

w 2 - w 3 - 0.622 x 100-0.7017 - 0.0044 


iuliq 2 '/m a = W] - W 2 = 0.033 19 - 0.0044 = 0.028 79 kg/kg air 
P G2 = p y3 = 0.7017 kPa -> T 2 = 1.7 °C 
For a C.V. around the entire unit 


Qcv - Qh + Qc 

Net heat transfer, Energy Eq.: 


Q c y/m a = (h a3 -h al ) + w 3 h v3 - w,h vl + m L2 ' h L2 '/m a 

= 1.004(20-35) + 0.0044x2538.1 - 0.033 19x2565.3 + 0.028 79x7.28 
= -88.82 kJ/kg air 


p a3 v 3 (100-0. 7017)x0.01 


- R a T, 


0.287x293.2 


= 0.0118 kg/s 


Q cv = 0.0118 kg/s x (-88.82) kJ/kg air = -1.05 kW 
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11.93 

To make dry coffee powder we spray 0.2 kg/s coffee (assume liquid water) at 80° 
C into a chamber where we add 10 kg/s dry air at T. All the water should 

evaporate and the air should leave with a minimum 40°C and we neglect the 
powder. How high should T in the inlet air flow be? 

CV. Chamber. We assume it is adiabatic. 

Continuity Eq. water alone: m liq = w ex m a 

Energy Eq. : m liq h f 80 + m a h a Ti = m liq h v 40 + m a h a 40 

w ex = m liq / m a = 0.2 / 8 = 0.025 
From the energy equation you get 

ha Ti ~ h a 4 o — Cp a (T in — T ex ) — rhjj q (h v 4 q — hf 8 q) / m a 
1.004 kJ/kg-K AT = 0.2 (2574.26 - 334.88) / 10 = 44.788 kJ/kg 
AT = 44.6°C => T in = 40 + 44.6 = 84.6°C 
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11.94 

An insulated tank has an air inlet, coi = 0.0084, and an outlet, Ti = 22°C, cj )2 = 

90% both at 100 kPa. A third line sprays 0.25 kg/s of water at 80°C, 100 kPa. For 
steady operation find the outlet specific humidity, the mass flow rate of air needed 
and the required air inlet temperature, Tp 

Solution: 

Take CV tank in steady state. Continuity and energy equations are: 

Continuity Eq. water: m 3 + m a Wj = m a w 2 

Energy Eq.: iiijhf + m a hj = m a h 2 

All state properties are known except T j . 

From the psychrometric chart we get 

State 2: W 2 = 0.015, h 2 = 79.5 State 3: hf= 334.91 (steam tbl) 

m a = m 3 /(w 2 - Wl ) = 0.25/(0.015-0.0084) = 37.88 kg/s 
h i = h 2 - (w 2 - Wi)h f = 79.5 - 0.0066 x 334.91 = 77.3 
Chart (wphj) => T 1= 36.5°C 

Using the tables and formulas we get 

State 2: P g2 = 2.67 1 ; P v2 = 0.9 x 2.67 1 = 2.4039 kPa 

w 2 = 0.622 x 2.4039 / (100 - 2.4039) = 0.0153 

m a = m 3 /(w 2 - Wl ) = 0.25/(0.0153 - 0.0084) = 36.23 kg/s 

To avoid iterations on Tj we use specific heat values also for water vapor by 
writing h vl = h v2 + C p h 2 o(Ti - T 2 ) so the energy equation is 

C pa T l + w l C p h2o( T l ' T 2) + w l h v2 = C p a T 2 + w 2 h v2 " ( w 2 ' w l) h f 
The equation now becomes 

(1.004 + 0.0084 x 1.872)T 1 = (0.0084 x 1.872 + 1.004) 22 

+ (0.0153 - 0.0084)(2541.7 - 334.91) = 37.219 
Tj = 36.5°C 
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11.95 

An air flow 2 kg/s at 30°C, and relative humidity 80% is conditioned by taking 
half the flow, cooling it and mix it with the other half. Assume the outlet flow 
should have a water content that is 75% of the original flow. Find the temperature 
to cool to, the rate of cooling and the final exit flow temperature. 


CV Total setup 
Continuity water: 


▼ 


U Cooler 


Qcool 


V 7 


3 


liquid 


FIGURE PI 1.95 


0 = m a coj - m liq - m a co 3 ; m liq = m a (coj - co 3 ) 


iiq 


State 1: P al = 4.246 ; P vl = 0.8 x 4.246 = 3.3968 kPa 

coj = 0.622 x 3.3968 / (100 - 3.3968) = 0.02187 

CV Junction 


Continuity water: 0 = 0.5 m a coi + 0.5 m a co 2 - m a co 3 ; co 3 = 0.75 coi 

Energy Eq.: 0 = 0.5 m a (h al + co!h vl ) + 0.5 m a (h a2 +co 2 h v2 ) - m a (h a3 + co 3 h v3 ) 

Solve for co 2 : co 2 = 2 co 3 - coi = 1.5 coj - coj = 0.5 a>! = 0.010935 

co 2 

State 2: cb 2 = 100%, co 2 = 0.010935 => P v2 = 100 tttzz = 1.728 kPa 

r z vz 0.622 + co 2 

p v2 = p g 2 => T 2 = 15.2°C; h f = 63.74 kJ/kg 
CV Cooler 

Q = 0.5 m a (h 2 - li!) a + 0.5 m a (co 2 h v2 - co!h vl ) + m liq h f 
= 0.5 m a [C p a (T 2 - Ti) + co 2 h v2 - co!h vl + 2(toi - co 3 ) h f ] 

= 0.5 kg/s [ 1.004 (15.2 - 30) + 0.010935 x 2529.3 

- 0.02187 x 2556.25 + 2 x 0.25 x 0.02187 x 63.74 ] kJ/kg 

= - 41.5 kW 

From the energy equation for the junction 

h a3 + co 3 h v3 = 0.5 [h a ! + co!h vl + h a2 + co 2 h v2 ] = 0.5[1.004 (30 + 15.2) 

+ 0.02187 x2556.25 + 0.010935 x2529.3] = 64.472 kJ/kg 
This is now trial and error on T 3 . 

T 3 = 20C : LHS = 1.004 x 20 + 0.016403 x 2538.06 = 61.71 kJ/kg 

T 3 = 25C: LHS = 1.004 x 25 + 0.016403 x 2547.17 = 66.88 kJ/kg 

Interpolate for final ans.: T 3 = 22.7°C 
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11.96 

A water-cooling tower for a power plant cools 45°C liquid water by evaporation. 
The tower receives air at 19.5°C, cj) = 30%, 100 kPa that is blown through/over the 
water such that it leaves the tower at 25°C, cj) = 70%. The remaining liquid water 
flows back to the condenser at 30°C having given off 1 MW. Find the mass flow 
rate of air, and the amount of water that evaporates. 

Solution: 

CV Total cooling tower, steady state. 

Continuity Eq. for water in air: wj n + m e vap/m a = w ex 

Energy Eq.: m a h in + mi h 45 = m a h ex + (mi - m e va P ) h 30 

Inlet: 19.5°C, 30% rel hum => wi n = 0.0041, hi n = 50 kJ/kg dry air 

Exit: 25°C, 70% rel hum => w ex = 0.0138, h ex = 80 kJ/kg dry air 
Take the two water flow difference to mean the 1 MW 

Q = mi h 45 - (mi - m eV ap) h30 = 1 MW 
Substitute this into the energy equation above and we get 

rii a (h ex - hin) = m a (80 - 50) = 1000 kW => m a - 33.33 kg/s 

riievap = (w ex - win) m a = 0.0097 x 33.33 = 0.323 kg/s 

The needed make-up water flow could be added to give a slightly different 
meaning to the 1 MW. 
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11.97 

Moist air at 31°C and 50% relative humidity flows over a large surface of liquid 
water. Find the adiabatic saturation temperature by trial and error. Hint: it is 

around 22.5°C. 


For adiabatic saturation (<1> 2 = 1 and assume P = 100 kPa), energy Eq.l 1.30 

®1 (h v i - hf2) = C p (T 2 - Tj) + CO 2 h fg 2 


OP 


State 1: 


k >1 = 0.622 x 




OP. 


= 0.622 X 


0.5 x 4.5 


= 0.01432 


gl 100 - 0.5 x 4.5 

(j) 2 = 1 & ct >2 = 0.622 x P g2 /(P 2 - P g2 ) 

Only one unknown in energy Eq.: T 2 . Trial and error on energy equation: 


C p T 2 + k >2 hf g2 + coi hf 2 - CpTj + ccqh vl 

= 1.004 x 31 + 0.01432 x 2558 = 67.7546 kJ/kg 
T 2 = 20 °C: P g2 = 2.339 kPa, h G = 83.94 kJ/kg, h fg2 = 2454.12 kJ/kg 
=> co 2 = 0.622 x 2.339/97.661 = 0.0149 
LHS = 1.004 x 20 + 0.0149 x 2454.12 + 0.01432 x 83.94 = 57.848 
T 2 = 25 °C: P g2 = 3.169 kPa, h G = 104.87 kJ/kg, h fg2 = 2442.3 kJ/kg 
=> co 2 = 0.622 x 3.169/96.831 = 0.02036 
LHS = 1.004 x 25 + 0.02036 x 2442.3 + 0.01432 x 104.87 = 76.327 


Linear interpolation to match RHS = 67.7546: 


T 2 = 20 + (25 - 20) 


67.7546 - 57.848 
76.327 - 57.848 


= 22.7 °C 
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11.98 

A flow of air at 10°C, (j) = 90%, is brought into a house, where it is conditioned to 
25 °C, 60% relative humidity. This is done with a combined heater-evaporator 
where any liquid water is at 10°C. Find any flow of liquid, and the necessary heat 
transfer, both per kilogram dry air flowing. Find the dew point for the final 
mixture. 

CV heater and evaporator. Use psychrometric chart. 

Inlet: coi = 0.0069, hi = 47 kJ/kg dry air, hf = 41.99 kJ/kg 

Exit: C02 = 0.01 18, &2 = 75 kJ/kg dry air, Tdew = 16.5°C 
From these numbers we see that water and heat must be added. 

Continuity eq. for water 

iuliq IN /m A = co 2 - co | = 0.0049 kg/kg dry air 
Energy equation per kg dry air 

q = h 2 - hi - (co 2 - cOi) hf = 27.8 kJ/kg dry air 
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11.99 

An air conditioner for an airport receives desert air at 45°C, 10% relative 

humidity and must deliver this to the buildings at 20°C, 50% relative humidity. 
They have a cooling system with R-410A running with high pressure of 3000 kPa 

and low pressure of 1000 kPa and their tap water is 18°C. What should be done to 
the air? Find the needed heating/cooling per kg dry air. 

Check out the psychrometric chart: 

State 1: w 1 = 0.0056, lq = 79 ; State 2: w 2 
Liquid tap: h liq = 75.556 kJ/kg from B. 1.1 

Now we know the following: 

We must add water (w 2 > wp and then cool 

• • 

Water continuity equation: mi iq = m air (w 2 - wj) 

Energy equation: fq + (w 2 - W[) h liq + q = h 2 

q = h 2 - hj - (w 2 - w : ) h liq 

= 58 - 79 - (0.0072 - 0.0056) 75.556 
= -21.12 kJ/kg dry air 

For the refrigeration cycle we can find from table B.3.1 

P| ow = 200 kPa => T evaporator = -12°C, which is cold enough 

Phi 2 h = 1500 kPa => T condenser = 59°C > 45°C so it is hot enough. 


= 0.0072, h 2 = 58 kJ/kg 
(T wet i > 20°C) 


No absolute scaling was provided (the mass flow rates or W) so we do not know 
if the motor/compressor combination is big enough. 
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11.100 

A flow of moist air from a domestic furnace, state 1, is at 45°C, 10% relative 
humidity with a flow rate of 0.05 kg/s dry air. A small electric heater adds steam 

at 100°C, 100 kPa generated from tap water at 15°C. Up in the living room the 

flow comes out at state 4: 30°C, 60% relative humidity. Find the power needed 
for the electric heater and the heat transfer to the flow from state 1 to state 4. 



Properties from the psychrometric chart 

State 1: wj = 0.0056, hj = 79 kJ/kg dry air 
State 4: W 4 = 0.0160, h 4 = 90.5 kJ/kg dry air 

Continuity equation for water from 1 to 4 

m liq = m a ( 0)4 - ccq) = 0.05 (0.016 - 0.0056) = 0.00052 kg/s 


Energy Eq. for heater: 

Qheater = miiq (h ou t ~ h in) = 0.00052 (2676.05 - 62.98) = 1.36 kW 
Energy Eq. for line: 

Qline — m a (^4 — hj) — mi [ j q h va p 

= 0.05(90.5 - 79) - 0.00052 x 2676.05 

= -0.816 kW 
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11.101 

One means of air-conditioning hot summer air is by evaporative cooling, which is 
a process similar to the adiabatic saturation process. Consider outdoor ambient air 
at 35°C, 100 kPa, 30% relative humidity. What is the maximum amount of 
cooling that can be achieved by such a technique? What disadvantage is there to 
this approach? Solve the problem using a first law analysis and repeat it using the 
psychrometric chart. Fig. E.4. 


Ambient 


Air 


< 2 > 


I 


Cooled 

Air 


Pj = P 2 = 100 kPa 
P vl = (jqPgi = 0.30x5.628 
co! = 0.622x1.6884/98.31 


Liquid I 

For adiabatic saturation (Max. cooling is for (j) 2 = 1), 

Energy Eq. Eq.11.30: «! (h vl - h G ) = C p (T 2 - T^) + co 2 h fg2 


1.6884 

0.01068 


(j) 2 - 1 & co 2 - 0.622 x P G2 /(P 2 - P G2 ) 

Only one unknown: T 2 . Trial and error on energy equation: 

C p T 2 + co 2 h fg2 + co! hf2 = C p T! + ccqhy! 

= 1.004 x 35 + 0.01068 x 2565.3 = 62.537 kJ/kg 


T 2 = 20 °C: P G2 = 2.339 kPa, h G = 83.94 , h fg2 = 2454.12 kJ/kg 
=> co 2 = 0.622 x 2.339/97.661 = 0.0149 

LHS = 1.004 x 20 + 0.0149 x 2454.1 + 0.01068 x 83.94 = 57.543 kJ/kg 
T 2 = 25 °C: P G2 = 3.169 kPa, h G = 104.87 , h fg2 = 2442.3 kJ/kg 
=> co 2 = 0.622 x 3.169/96.831 = 0.02036 

LHS = 1.004 x 25 + 0.02036 x 2442.3 + 0.01068 x 104.87 = 75.945 kJ/kg 
linear interpolation: T 2 = 21.4 °C 


This method lowers the temperature but the relative and absolute humidity 
becomes very high and the slightest cooling like on a wall results in condensation. 
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Solution 11.101 Continued. 

b) chart E.4 : Adiabatic saturation T 2 ~ WetBulbTemperature « 21.5 °C 
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11.102 

A flow out of a clothes dryer of 0.05 kg/s dry air is at 40°C and relative 
humidity 60%. It flows through a heat exchanger where it exits at 20°C. After 

heat exchanger the flow combines with another flow of 0.03 kg/s dry air at 30°C 
and relative humidity 30%. Find the dew point of state 1, see Fig. PI 1.102, the 
heat transfer per kg dry air and the final exit state humidity ratio and relative 
humidity. 

Use the psychrometric chart to solve the problem. 

State 1: w = 0.0286, h, = 131.5, T dew = 31°C 
State 2: 20°C < Tdew so it i s saturated. 

air 
air, 


air 

Energy Eq.: 

• • ^ ^ 

Q/m a = hj - h 2 - (coj - a> 2 ) h f 

= 131.5-77.8-0.0138 x 83.94 
= 52.5 kJ/kg dry air 

Do CV around the junction where flow 2 and 3 combines to give exit at 4. 


w 2 = 0.0148, h 2 = 77.8 kJ/kg 
State 3: w 3 = 0.0078, h 3 = 69.8 kJ/kg 

• • 

m liq/m a = 0 )] - o 2 = 0.0138 kg/kg dry 



• • • 

Continuity water: m a j co 2 + m a3 co 3 = m a4 CO 4 


• • • • 

co 4 = (m al /m a4 ) co 2 + (m a 3 /m a4 ) co 3 

0.05 0.03 

= x 0.0148 + x 0.0078 = 0.012175 

Energy Equation: m al h 2 + m a3 h 3 = m a4 h 4 

h 4 = (m al /m a4 ) h 2 + (m a 3 /m a4 ) h 3 
0.05 0.03 

= x 77.8 + x 69.8 = 74.8 kJ/kg air 


From chart given ((o 4 ,h 4 ) we get: 0 4 = 65% and T 4 = 24°C 
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11.103 

Atmospheric air at 35°C, relative humidity of 10%, is too warm and also too dry. 
An air conditioner should deliver air at 21°C and 50% relative humidity in the 
amount of 3600 m 3 per hour. Sketch a setup to accomplish this, find any amount 
of liquid (at 20°C) that is needed or discarded and any heat transfer. 

CV air conditioner. First we must check if water should be added or 
subtracted. We can know this from the absolute humidity ratio. 

Properties from the tables and formulas 

State 1: P g35 = 5.628 kPa ; P vl = 0.10x5.628 kPa = 0.5628 kPa 

Wl = 0.622 x 0.5628 / (101.325 - 0.5628) = 0.003474 
State 2: P g21 = 2.505 kPa; P v2 = 0.5x2.505 kPa = 1.253 kPa 

w 2 = 0.622 x 1.253 / (101.325 - 1.253) = 0.007785 

As w goes up we must add liquid water. Now we get 

• • 

Continuity Eq.: m air (1 + wi) + m liq = m air (1 + W 2 ) 

Energy Eq.: m air hi + m Uq h f + Q cv = m air h 2 

For the liquid flow we need the air mass flowrate out, 3600 m 3 /h = 1 m 3 /s 

m a ir = P a2 V/RT = (101.325 - 1.253)1/0.287x294.15 = 1.185 kg/s 

riijiq = m air (w 2 - wi) = 0.00511 kg/s = 18.4 kg/h 

Qcv = m ai r [C p a (T 2 - Tj) + w 2 h v2 - Wl h vl ] - m liq h f 

= 1.185 [ 1.004 (21 - 35) + 0.007785 x 2539.9 - 0.003474 x 2565.3] 
-0.00511 x 83.96 = -4.21 kW 
If from psychrometric chart. 

Inlet: wi = 0.0030, hi = 63.0, hf 2 o = 83.96 kJ/kg 

^ • 

Exit: w 2 = 0.0076, h 2 = 60.2 kJ/kg dry air, P v2 , m air same as above 

Qcv = m a ir (&2 - hi) - muqhf = 1.185(60.2 - 63) - 0.00511 x 83.96 
= - 3.74 kW 
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11.104 

In a car’s defrost/defog system atmospheric air, 21°C, relative humidity 80%, is 
taken in and cooled such that liquid water drips out. The now dryer air is heated to 
41°C and then blown onto the windshield, where it should have a maximum of 
10% relative humidity to remove water from the windshield. Find the dew point 
of the atmospheric air, specific humidity of air onto the windshield, the lowest 
temperature and the specific heat transfer in the cooler. 



To remove enough water we must cool to the exit T t | cw , followed by heating to 
T ex - The enthalpy from chart h2 = 32.5 and from B.1.1, hf(1.9°C) = 8 kJ/kg 
CV cooler: 

miiq/m. u| . = wi - W3 = 0.0124 - 0.0044 = 0.008 kg liq/kg air 

q = Qcy/^air = ^2 + (wi - w 3 ) Ilf - hf 

= 32.5 + 0.008x8 - 72 = -39.4 kJ/kg dry air 
If the steam and air tables are used the numbers are 

State 1: P g i = 2.505 kPa, P v i = 2.004 kPa => wi = 0.01259 

h g i = 2539.9, h a i = 294.3 => hf = 326.3 kJ/kg 
State 3: P g3 = 7.826, P v3 = 0.783 => w 3 = 0.00486 
State 2: w g3 = w 3 => T2 = T 3c j ew = 3.3°C, hf2 = 13.77 kJ/kg 
h g2 = 2507.4, h a2 = 276.56 => h 2 = 288.75 kJ/kg 

miiq/m air = 0.00773, q = 288.75 + 0.00773x 13.77 - 326.3 = -37.45 kJ/kg air 
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11.105 

A commercial laundry runs a dryer that has an exit flow of 0.5 kg/s moist air at 

48 °C, 70% relative humidity. To save on the heating cost a counterflow stack 

heat exchanger is used to heat a cold water line at 10°C for the washers with the 
exit flow, as shown in Fig. P11.105. Assume the outgoing flow can be cooled to 

25°C. Is there a missing flow in the figure? Find the rate of energy recovered by 

this heat exchanger and the amount of cold water that can be heated to 30°C. 


The flow out of the dryer is outside the range for the psychrometric chart so the 
solution is done with the tables and the formula’s. 


Dryer oulet, 1: 48°C, ® = 70% 

=> h gl =2588.51 kJ/kg 

P gl = 11.247 kPa, 

P vl = 0.7 x 11.247 kPa = 7.873 kPa 


00 j 


0.622 x 7.873 
101.325 -7.873 


0.05241 



State 2: T 2 < T dew , ~ 42°C so ® 2 = 100%. P g2 = 3.169 kPa, h g2 = 2547.17 kJ/kg, 
h n = 104.87 kJ/kg, co 2 = 0.622 x 3.169/(101.325 - 3.169) = 0.02008 

Continuity Eq. water 1-2 line: m a coj = m a co 2 + mpq ; mpq = m a (coi - co 2 ) 

The mass flow rate of dry air is 

m a = ^moist air /(l + ®i) = 0-5 kg/s /(I + 0.05241) = 0.4751 kg/s 
The heat out of the exhaust air which also equals the energy recovered becomes 

Qcv = ^a [ C p a(Tl “ T2) + ®1 hgl _ (®i “ ®2) hf2 ~ ®2 hg2 1 

= 0.4751 [1.004(48 - 25) + 0.05241 x 2588.51 - 0.03233 x 104.87 
- 0.02008 x 2547.17] 

= 0.4751 kg/s x 104.2 kJ/kg = 49.51 kW 

riijjq = Qcv / ( Cp liq AT Uq ) = 49.51 / [4.18 (30 - 10)] = 0.592 kg/s 
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11.106 

A flow of moist air at 45°C, 10% relative humidity with a flow rate of 0.2 kg/s 

dry air is mixed with a flow of moist air at 25°C, and absolute humidity of w = 
0.018 with a rate of 0.3 kg/s dry air. The mixing takes place in an air duct at 100 
kPa and there is no significant heat transfer. After the mixing there is heat transfer 

to a final temperature of 25°C. Find the temperature and relative humidity after 
mixing. Find the heat transfer and the final exit relative humidity. 

Solution: 

C.V : Total Setup 
state 3 is internal to CV. 


Continuity Eq.: m al Wj + m a2 w 2 = (m al + m a2 ) w 3 = (m al + m a2 ) w 4 

Energy Eq. m al h, + m a2 h 2 = (m al + m a2 ) h 3 

State 1: From Psychrometric chart w | = 0.0056, hj = 79 kJ/kg dry air 

State 2: From Psychrometric chart ® 2 = 90%, h 2 = 90.5 kJ/kg dry air 

m a iwi + m a2 w 2 o.2 0.3 

w 3 = w 4 = = ^0.0056 +^0.018 = 0.01304 

m a i + m a2 

~ m al ht + in a2 h 2 0.2 0.3 

h 3 = = x 79 + x 90.5 = 85.9 kJ/kg dry air 

m a i + m a2 

State 3: From Psychrometric chart T 3 = 32.5°C, ® 3 = 45% 

State 4: 25°C, w 4 = 0.01304 Read from Psychrometric chart 

h 4 = 78, 0 4 = 66% 

Now do the energy equation for the whole setup 
Energy Eq. m al hj + m a2 h 2 +Q = (m a i + m a2 ) h 4 

Q = (m al + m a2 ) h 4 - m al hj + m a2 h 2 
= 0.5 x 78 - 0.2 x 79 - 0.3 x 90.5 = -3.95 kW 
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11.107 

An indoor pool evaporates 1.512 kg/h of water, which is removed by a 
dehumidifier to maintain 21°C, <|) = 70% in the room. The dehumidifier, shown in 
Fig. PI 1.107, is a refrigeration cycle in which air flowing over the evaporator 
cools such that liquid water drops out, and the air continues flowing over the 
condenser. For an air flow rate of 0.1 kg/s the unit requires 1.4 kW input to a 
motor driving a fan and the compressor and it has a coefficient of performance, [! 
Q7 W c = 2.0. Find the state of the air as it returns to the room and the compressor 
work input. 

Solution: 

The unit must remove 1.512 kg/h liquid to keep steady state in the room. As 
water condenses out state 2 is saturated. 

State 1: 21°C, 70% => w : = 0.0108, hi = 68.5 

CV 1 to 2: miiq = m a (wi - W2) => W2 = wi - mii q /m a 
q L = hi - h 2 - (w 1 -w 2 ) hf2 
w 2 = 0.0108 - 1.512/3600x0.1 = 0.0066 
State 2: w 2 , 100% => T 2 = 8°C, h 2 = 45, h G = 33.6 
q L = 68.5 - 45 - 0.0042 x 33.6 = 23.36 kJ/kg dry air 

CV Total system : K3 = hi + W e i/m a - (W1-W2) hf 

= 68.5 + 14 - 0.14 = 82.36 kJ/kg dry air 
State 3: W 3 = W 2 , I 13 => T 3 = 46°C, ^3 = 11-12% 

W c = m a q L / p = 1.165 kW 
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11.108 

A moist air flow of 5 kg/min at 30°C, ® = 60%, 100 kPa goes through a 

dehumidifier in a setup shown in Problem 11.107. The air is cooled down to 15°C 
and then blown over the condenser. The refrigeration cycle runs with R-134a with 
a low pressure of 200 kPa and a high pressure of 1000 kPa. Find the COP of the 

• • 

refrigeration cycle, the ratio mR-134a/ m air and the outgoing T 3 and ® 3 . 


Standard Refrigeration Cycle 

Table B.5: h, = 392.15 kJ/kg; s, = 1.732 kJ/kg K; h 4 = h 3 = 255.56 kJ/kg 

C.V. Compressor (assume ideal) 

• • 

m 1 = m 2 w c = h 2 -h 1 ; s 2 = s 1 + s gen 
P 2 , s = s : => h 2 = 425.71 kJ/kg => w c = 33.56 kJ/kg 
C.V. Evaporator: q L = h 1 - h 4 = 392.15 - 255.56 = 136.59 kJ/kg 

C.V. Condenser: q H = h 2 - h 3 = 425.71 - 255.56 = 170.15 kJ/kg 

COP = P = q L / w c = = 4.07 



For the air processes let us use the psychrometric chart. 

Air inlet: w in = 0.016, h in = 90.5 kJ/kg dry air, T dew = 21°C > 15°C 

Air 15°C: <|) = 100%, w 7 = 0.0107, h 7 = 62, h f = 62.98 (B.1.1) 

Now do the continuity (for water) and energy equations for the cooling process 

^biq/^air = w in ' w 7 = 0.016 - 0.0107 = 0.0053 kg/kg air 

Ocool = ^in ' ^7 - m|j q h r /m a j r = 90.5 - 62 - 0.0053 x 62.98 = 28.17 kJ/kg air 
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Solution 11.108 continued 


Now the cooling of the air is done by the R-134a so 

Qcool = m air 9cool = m R134a 9 l 

Energy eq. for the air flow being heated 


. _ c lcool _ 28.17 _ 

m R134a' m air "" q L "" 136 59 ~~ 0*2062 


Qheat *^air( ^ex " 
hex = 62 + 
Locate state in the 


h 7 ) => h ex = h 7 + Q heat /m air = h 7 + q H xm R134a /m air 

170.15 x 0.2062 = 97.08 kJ/kg dry air and w ex = w 7 
psychrometric chart [ just outside edge of chart] 

T ex = 49.3°C and <|> ex = 15% 
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Psychrometric chart only 
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11.109 

Use the psychrometric chart to find the missing property of: cj), co, T wet , T dry 
a. T dry = 25°C, =80% b. T dry =15°C, $ =100% 

c.T dry = 20°C, and co = 0.010 d. T dry = 25°C, T wet = 23°C 

Solution: 


a. 

25°C, 

c^ = 80% 

=> 

co = 0.016; 

T 

1 wet 

= 22.3°C 

b. 

15°C, 

c^ = 100% 

=> 

co = 0.0106; 

T = 15°C 
2 wet ^ 

c. 

20°C, 

co = 0.010 

= > 

-e- 

ll 

o 

v* • 

CD 

fh 

= 16.3°C 

d. 

25°C, 

r - ? 3°C 

1 wet — ^ J 

=> 

co = 0.017; 

<l> = 

86% 
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11.110 

Use the psychrometric chart to find the missing property of: cj), co, 7 wet , 7 dry 
a. (j) = 50%, co = 0.014 b. T wet =15°C, <\> = 60%. 

c. co = 0.008 and T wet = 15°C d. T dry = 10°C, co = 0.006 

Solution: 

a. (j) = 50%, co = 0.014 => r dry = 31°C, T wet = 22.6 °C 

b. T wet = 15°C, (j) = 60% => T dry = 20.2°C, co = 0.0086 

c. co = 0.008, r wet =15°C => r dry = 21.8°C, cj) = 50% 

d. T diy = 10°C, co = 0.006 => = 80%, T wet = 8.2°C 
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11.111 

For each of the states in Problem 1 1.1 10 find the dew point temperature. 
Solution: 

The dew point is the state with the same humidity ratio (abs humidity co) and 
completely saturated cj) = 100%. From psychrometric chart: 

a. T dew = 19.2°C c. r dew =io.8°c 

b. r dew = 12°C d. r dew = 6.5°c 

Finding the solution from the tables is done for cases a,c and d as 

Eq. 11.28 solve: P v = P„ = coP tot /[co + 0.622] = P g (T dew ) in B.1.1 

For case b use energy Eq. 13.30 to find coi first from T ad sat = T wet . 
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11.112 

Use the formulas and the steam tables to find the missing property of: cj), co, and 
r dr , total pressure is 100 kPa; repeat the answers using the psychrometric chart 

a. (j) = 50%, co = 0.010 b. T wet =15°C, (j) = 50% c. T dry = 25°C, T wet = 21°C 

a. From Eq.l 1.28 with P a = P - P v solve for P v : 

P v = P co /(0.622 + co) = 100 x 0.01/0.632 = 1.582 kPa 
From Eq.l 1.25: P g = P v /cj) = 1.582/0.5 = 3.165 kPa =>T = 25°C 

b. Assume T wet is adiabatic saturation T and use energy Eq.l 1.30 

At 15°C: P g = 1.705 kPa => co = 0.622 x = 0-01079 

LHS = co! (h vl - h Q ) + CpTj = RHS = C p T 2 + co 2 h fg2 
RHS = 1.004x15 + 0.01079 x 2465.93 = 41.667 kJ/kg 
CO! = 0.622 c()P g /( 1 00 - 4>P g ) where P g is at T!. Trial and error. 

LHS 2 5 c = 49.98, lh S 20 c = 38.3 => T = 21.4°C, co : = 0.008 

2.505 

c. At21°C: P g = 2.505 kPa => co 2 = 0.622 x ^ = 0.016 

h G = 88.126 and h fg2 = 2451.76 kJ/kg, h vi = 2547.17 kJ/kg 
From Eq.l 1.30: CO! = [C p (T 2 -T!) + co 2 h fg2 ]/(h vl - h t2 ) = 0.0143 
P v = P co /(0.622 + co) = 2.247, c^ = 2.247/3.169 = 0.71 

Using the psychrometric chart E.4: 

a: r dry = 25.3°C b. T diy = 21.6°C, co = 0.008 
c: co = 0.0141, cj) = 71-72% 
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11.113 

An air-conditioner should cool a flow of ambient moist air at 40°C, 40% relative 
humidity with 0.2 kg/s flow of dry air. The exit temperature should be 20°C and 
the pressure is 100 kPa. Find the rate of heat transfer needed and check for the 
formation of liquid water. 

Solution: 

Before we know if we should have a liquid water flow term we need to check for 
condensation (the dew point). 

Using the psychrometric chart, i: coj = 0.018, hj = 106 kJ/kg air, T dew = 23°C 
Since T dew > T e then condensation occurs and the exit is (|> = 100% 

Exit state: 20°C, h e = 77.5 kJ/kg air, co e = 0.0148, h f = 83.94 kJ/kg 

CV heat exchanger: 

Water: m a coj = m liq + m a co e => m liq = m a (coj - co e ) 

Energy: (h a + coh v )i + q = (h a + coh v ) e + (coj - co e ) h f , 

q = h e - ^ + (coj - co e ) h f = 77.5- 106 + (0.018 -0.0148) 83.94 
= - 28.23 kJ/kg dry air 

Q = m a q = 0.2 kg/s x (-28.23 kJ/kg) = -5.65 kW (it goes out ) 
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11.114 

A flow of moist air at 21°C, 60% relative humidity should be produced from 
mixing of two different moist air flows. Flow 1 is at 10°C, relative humidity 80% 
and flow 2 is at 32°C and has 7 wet = 27°C. The mixing chamber can be followed 
by a heater or a cooler. No liquid water is added and P = 100 kPa. Find the two 

controls one is the ratio of the two mass flow rates m a i/m a2 and the other is the 
heat transfer in the heater/cooler per kg dry air. 

Solution: 

C.V : Total Setup 
state 3 is internal to CV. 



Continuity Eq.: m al w^ + m a2 w 2 = (m al + m a2 ) w 4 

Energy Eq. m al h 1 +m a2 h 2 + Q al = (m al + m a2 ) h 4 

Define x = m a i/m a 2 and substitute into continuity equation 

w 4 - w 2 

=> x w 1 + w 2 = (1+x) w 4 => x = w _ w ~ = 3.773 
Energy equation scaled to total flow of dry air 

q = Qai/(m a i + m a2 ) = h 4 - [x/(l+x)] h , - [l/(l+x)] h 2 

= 64 - 0.7905 x 45 - 0.2095 x 105 

= 6.43 kj/kg-dry air 



State 1: 

w 1 = 0.006 , h j = 45 
State 2: 

w 2 - 0.0208 , h 2 = 105 
State 4: 

w 4 = 0.0091 , h 4 = 64 , 
T dew4 = 12.5°C 
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11.115 

Consider a mixing process as in Fig. PI 1.1 14 where flow 1 comes in as cold and 
moist, 10°C, (f> = 90%. It is mixed with a flow 2 at 42°C, T wet = 31°C. If the exit 

flow should be at 21°C, (j) = 50% find the ratio m a i/m a2 and the heat transfer per 
kg dry air out. 


C.V : Total Setup 
state 3 is internal to CV. 

Assume no liquid flow then the 
balance equations are 



Continuity Eq.: m al w 1 + m a2 w 2 = (m al + m a2 ) w 4 

Energy Eq. m al h, + m a2 h 2 + Q = (m al + m a2 ) h 4 


The continuity equation is solved for the ratio x = m a i/m a2 

. w 2 -w 4 0,0245 - 0.0076 _ 

x - m al /m a2 - W4 _ Wj - o .0076 _ 0.0067 “ 18/7778 

Then solve the energy eq. for the heat transfer 

~ x ~ ] jg 777g y 

Q/m a4 = h 4 - | + x h i - ! + x h 2 = 60 - 19 777g 47 - 19 777g 124 

= 9.107 kj/kg air out 



State 1: 

w 1 = 0.0067, h 2 = 47 
State 2: 

w 2 = 0.0245, h 2 = 124 
State 4: 

w 4 - 0.0076 , h 4 = 60 , 
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11.116 

In a hot and dry climate, air enters an air-conditioner unit at 100 kPa, 40°C, and 

5% relative humidity, at the steady rate of 1.0 m /s. Liquid water at 20°C is 
sprayed into the air in the AC unit at the rate 20 kg/hour, and heat is rejected from 
the unit at at the rate 20 kW. The exit pressure is 100 kPa. What are the exit 
temperature and relative humidity? 

State 1: Tj = 40°C, Pj = 100 kPa, (j>, = 5%, V al = 1 m 3 /s 

P gl = 7.3837 kPa, P vl = (t>,P gl = 0.369 kPa, P al = P- P vl = 99.63 kPa 

P P V 

( 0 ! = 0.622 -Tp~ = 0.0023, m al = ** al = 1.108 kg/s, h vl = 2574.3 kJ/kg 

*al *^al 

State 2 : Liq. Water. 20°C, m f2 = 20 kg/hr = 0.00556 kg/s, h^ = 83.9 kJ/kg 

• • • • • 

Conservation of Mass: m al = m a3 , m vl + m 12 = m v3 

co 3 = (m f2 / m al ) + (»! = ( 0.00556/1.108 ) + 0.0023 = 0.0073 
State 3 : P 3 = 100 kPa and P v3 = P 3 co 3 /(0.622 + co 3 ) =1.16 kPa 

Energy Eq. with Q = - 20 kW : 

Q + m a ih al + m v |h vl + ni|2 h f2 = m a3 h a3 + m v3 h v3 ; 


( h a3- h al) + ®3 h v3 = ®l h vl + ( m G h f2 + Q ) /m al 

= 0.0023 X 2574.3 + (0.00556 x 83.9 - 20)/1.108 = -11.7 
Unknowns: h a3 , h v3 implicitly given by a single unknown: T 3 

Pv3 

Trial and Error for T 3 ; T 3 = 10°C, P a3 = 1.23 kPa, (j) 3 = p = 0.94 
If we solved with the psychrometric chart we would get: 

State 1: m vl /m a = coj = 0.002, hj = 65 kJ/kg dry air; 

State 3: co 3 = (m t2 / m al ) + co 1 = ( 0.00556/1.108 ) + 0.002 = 0.007 
Now the energy equation becomes 

h 3 = hi + (m^h^ + Q )/m al = 65 + (0.00556x83.9 - 20)/1.108 = 47.4 
Given co 3 we find the state around 10°C and cj) 3 = 90% 
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11.117 

Compare the weather two places where it is cloudy and breezy. At beach A it is 
20°C, 103.5 kPa, relative humidity 90% and beach B has 25°C, 99 kPa, relative 
humidity 40%. Suppose you just took a swim and came out of the water. Where 
would you feel more comfortable and why? 

Solution: 

As your skin is wet and air is flowing over it you will feel T wet . With the small 
difference in pressure from 100 kPa we can use the psychrometric chart. 

A: 20°C, cj) = 90% => T wet =18.7°C 

B: 25°C, (j> = 40% => T wet = 16°C 

At beach A it is comfortable, at beach B it feels chilly. 
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11.118 

Ambient air at 100 kPa, 30°C, 40% relative humidity goes through a constant 
pressure heat exchanger as a steady flow. In one case it is heated to 45 °C and in 
another case it is cooled until it reaches saturation. For both cases find the exit 
relative humidity and the amount of heat transfer per kilogram dry air. 

Solution: 

CV heat exchanger: m Ai = m Ae , m vi = m ve , w e = Wj 

(h a + wh v )i + q = (h a + wh v ) e = h e , q = h e - hj 
Using the psychrometric chart: i: Wj = 0.0104, hj = 76 

Case I) e: T e = 45 °C, w e = Wj => h e = 92, 

<|> e = 17%, q = 92-76 = 16 kj/kg dry air 

Case II) e: w e = Wj, <|) e = 100% => h e = 61, T e = 14.5°C 

q = 61-76 = -15 kj/kg dry air 
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11.119 

A flow of moist air at 100 kPa, 35°C, 40% relative humidity is cooled by 

adiabatic evaporation of liquid 20°C water to reach a saturated state. Find the 
amount of water added per kg dry air and the exit temperature. 

Since the liquid is not necessarily at the adiabatic saturation temperature the exit 
may be close to but not exactly the wet bulb temperature. We will use that as a 
good guess and check the energy equation. 

Chart E4: T wet = 23.6°C, w 1= 0.0138, hj ^ = 90 kJ/kg 

w 2 = 0.0186, h 2m i x = 90.6 kJ/kg 

Continuity Eq.: m A (l + wj) + m liq = m A (l + w 2 ) 

Energy Eq. (q = 0): m A hi m i x + m liq h f = m A h 2mix 

Divide the energy equation by the mass flow rate of air 

miiq/m A = w 2 - W] = 0.0186 - 0.0138 = 0.0048 kg water/kg air 
so 

hi mix + (w 2 - w : ) hf = h 2mix 

LHS = 90 + 0.0048 x 83.94 = 90.4; RHS = 90.6 

The temperature should be a little lower which will lower w 2 also so 

T 2 = 23.5°C, w 2 = 0.0185 => m liq /m A = 0.0047 kg water/kg air 

This is close to the accuracy by which we can read the chart and the first answer 
is nearly as good. 
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11.120 

A flow out of a clothes dryer of 0. 1 kg/s dry air is at 60°C and relative humidity 

60%. It flows through a heat exchanger where it exits at 20°C. After the heat 

exchanger the flow combines with another flow of 0.03 kg/s dry air at 30°C and 
relative humidity 40%. Find the dew point of state 1, see Fig. PI 1.120, the heat 
transfer per kg dry air and the final exit state humidity ratio and relative humidity 

Use the psychrometric chart to solve the problem except for state 1. 

State 1: P gl = 19.941 kPa, 

P v i=®iP g i = 11.965 kPa 
T d ew = T sat (P vl ) = 49.3°C 

®l = 0.622 ioO - 11.965 = 0-084534 

hi = h al - h a _2oc + “that 

= 333.81 - 253.45 + 0.084534 x 2609.59 
= 301 kJ/kg air, 

State 2: 20°C < T dew so it is saturated 
a >2 = 0.0148, h 2 = 77.8 kJ/kg air 

State 3: co 3 = 0.0078, h 3 = 69.8 kJ/kg air, 

• • 

m iiq/m a = CO] - cd 2 = 0.06973 kg/kg dry air 

Energy Eq.: Q/m a = hj - h 2 - (aq - co 2 ) h f 

= 301 - 77.8 - 0.06973 x 83.94 = 217.35 kJ/kg dry air 
Do CV around the junction where flow 2 and 3 combines to give exit at 4. 

• • • 

Continuity water: m al co 2 + m a3 co 3 = m a 4 ro 4 



• • • • 

C0 4 = (m al /m a4 ) C0 2 + ( m a3 /m a4) “3 

0.05 0.03 

= QQg x 0.0148 + QQg x 0.0078 = 0.012175 

Energy Equation: m al h 2 + m a3 h 3 = m a4 h 4 

^ ^ ^ 
h 4 = (m al /m a4 ) h 2 + (m a3 /m a4 ) h 3 

0.05 0.03 

= x 77.8 + x 69.8 = 74.8 kJ/kg air 
From chart given (co 4 ,h 4 ) we get: ® 4 = 65% and T 4 = 24°C 
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11.121 

Consider two states of atmospheric air. (1) 40°C, (|> = 50% and (2) 25°C, 7 wet = 

16°C. Suggest a system of devices that will allow air in a steady flow process to 
change from (1) to (2) and from (2) to (1). Heaters, coolers (de)humidifiers, liquid 
traps etc. are available and any liquid/solid flowing is assumed to be at the lowest 
temperature seen in the process. Find the specific and relative humidity for state 
1, dew point for state 2 and the heat transfer per kilogram dry air in each 
component in the systems. 

Use the psychrometric chart E.4 

l:w 1 = 0.0232, hi = 118.5, ® 1 = 50%, T dew = 27.2 0 C, h dew =106 

2: w 2 = 0.0077, h 2 = 65, ® 2 = 40%, T dew = 10.2°C, h dew = 50 

Since W 2 < wi water must be removed in process I to II and added in the 
process II to I. Water can only be removed by cooling below dew point 
temperature so 

I to II: Cool to dew point, 3, then cool to state 4 (dew pt. for state 2) while 

liquid water is removed, then heat to state 2. 

II to I: Heat while adding water, once w 2 reached only heat. 

m iiq/ m a = k>i - co 2 = 0.0232 - 0.0077 = 0.0155 

I to H: q coo i = h , — h 4 — («>! - co 2 ) h f4 

= 118.5-50 - 0.0155 x 42.83 = 67.8 kj/kg air 
qheat = h 2 - h 4 = 65 - 50 = 15 kj/kg air 

II to I: qheat = &i - h 2 - (©! - co 2 ) h f2 

= 1 18.5 - 65 - 0.0155 x 104.87 = 51.9 kj/kg air 
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To refresh air in a room, a counterflow heat exchanger, see Fig. PI 1.122, is 
mounted in the wall, drawing in outside air at 0.5°C, 80% relative humidity and 
pushing out room air, 40°C, 50% relative humidity. Assume an exchange of 3 
kg/min dry air in a steady flow device, and also that the room air exits the heat 
exchanger at 23 °C to the outside. Find the net amount of water removed from the 
room, any liquid flow in the heat exchanger and ( T , tj>) for the fresh air entering the 
room. 

We will use the psychrometric chart to solve this problem. 

State 3 (room): w 3 = 0.0232, h 3 = 119.2, T dew 3 = 27°C 

State l(outside): 0.5°C, (|) = 80% => wj = 0.0032, Iq = 29.2 kJ/kg dry air 

CV room: m v ,out = m a (w 3 - W 2 ) = m a (w 3 - wp 

= 3(0.0232-0.0032) = 0.06 kg/min 

The room air is cooled to 23°C < T dew 3 so liquid will form in the exit flow 
channel and state 4 is saturated. 

State 4: 23°C, <> = 100% => w 4 = 0.0178, h 4 = 88, h f4 = 96.52 kJ/kg 
CV 3 to 4 (flow cooled below T dew 3 so liquid forms): 

m Uq 4 = m a (w 3 - w 4 ) = 3 (0.0232 - 0.0178) = 0.0162 kg/min 
CV Heat exchanger with no external heat transfer: 

m a (h 2 - hj) = m a (h 3 - h 4 ) - mi iq h f4 

h 2 = hi + h 3 - h 4 - (w 3 -w 4 ) h f4 = 29.2 + 119.2 - 88 - 0.0054x96.52 
= 59.9 kJ/kg dry air 

State 2: w 2 = wj, h 2 => T 2 = 32.5°C, (j> = 12% 
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Consider several flow processes with ideal gasses: 1) A compression of a gas 
mixture from 100 kPa to 200 kPa; 2) Cooling a gas mixture from 50°C to 
ambient 20°C using ambient air; 3) Mixing two different gasses at 100 kPa; 4) 
Throttle a gas mixture from 125 kPa to 100 kPa. For each case explain: What 
happens to the exergy, is there any exergy destruction and is the composition 
needed? 

1. Exergy increases, mixture specific heat and gas constant needed. 

2. Exergy decreases of mixture and some exergy is destroyed due to heat 
transfer over AT. Specific heat for mixture needed. 

3. Composition needed, exergy is destroyed. 

4. Exergy is destroyed, mixture gas constant needed 
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Find the second law efficiency of the heat exchanger in Problem 1 1 .54. 

A flow of 2 kg/s mixture of 50% CO 2 and 50% O 2 by mass is heated in a constant 

pressure heat exchanger from 400 K to 1000 K by a radiation source at 1400 K. 
Find the rate of heat transfer and the entropy generation in the process. 

Solution: 

The second law efficiency follows Eq. 11.32 where the wanted term is the flow 
increase of exergy and the source is the radiation. 

T 

%ow = m (Vex- Vin); ^source = Qin ( 1 ~ T ) 

1 source 


Heat exchanger Energy Eq.4.12: Qi n = m(h e - hj) 

Values from Table A. 8 due to the high T. 

Q in = 2 [| x (971.67 - 303.76) + \ x (980.95 - 366.03)] = 1282.8 kW 


T 




a o 298.15 

= Qin (1 — ) = 1282 - 8 ( 1 - 1400") = 1009 - 6 kw 


source 


source 


Entropy Eq.7.8: m e s e = iiijSj + Q/T s + S gen 

As P = C, the pressure correction in Eq.6.28 drops out to give generation as 
Sgen — ^(®e ” ®i) ” Q^s 

= 2 [0.5 x(6.119 - 5.1196) + 0.5 x(7.6121 - 6.6838)] -1282.8/1400 
= 1.01 kW/K 


®flow ® source ^destruction ^source ^ S 

= 1009.6-298.15 x 1.01 =708.5 



^flow 

^source 


708.5 

1009.6 


0.70 


Remark: We could also 
explicitly have found the 
flow exergy increase. 


\ 1400 K / 


Radiation 
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Consider the mixing of a steam flow with an oxygen flow in Problem 1 1.55. 
Find the rate of total inflowing exergy and the rate of exergy destruction in the 
process. 

A flow of 1.8 kg/s steam at 400 kPa, 400°C is mixed with 3.2 kg/s oxygen at 400 
kPa, 400 K in a steady flow mixing-chamber without any heat transfer. Find the 
exit temperature and the rate of entropy generation. 


Exergy Flow: 

¥i 


®in = m ¥in = ™H20 ¥l + m 02 ¥2 

h i -h 0 -T 0 (si-s 0 ) 

= C P h2o(Ti - T 0 ) - T 0 [C P H20 InOVTJ - R ln^/PJ ] 

673.15 400 

= 1.872 (400 - 25) - 298. 15[ 1.872 In 2gg lg - 0.4615 In ] 

= 702 - 298.15 (1.5245 - 0.63978) = 438.2 kJ/kg 

¥2 = h 2 - h o - T o( s 2 - s o) 

= C P 02 (T 2 - To) - T 0 [C P 02 ln(T 2 /T 0 ) - R ln(P 2 /P 0 ) ] 

400 400 

= 0.922(126.85-25) - 298.15[0.922 In 29g - 0.2598 In ] 

= 93.906 - 298.15 (0.27095 - 0.36016) = 120.5 kJ/kg 


® in = rii H2 o Vi + ^02 V 2 = 1-8 438.2 + 3.2 120.5 = 1174.4 kW 


C.V. Mixing chamber, steady flow, no work, no heat transfer. To do the entropies 
we need the mole fractions. 


m 


H20 


n 


H2 ° ~~ M 


H20 


1.8 

18.015 


= 0.1 kmol/s; 


m 


02 


n m — 


02 - M 


02 


3.2 

31.999 


= 0.1 kmol/s 


Yh20 - Yo2 - 0-5 


Energy Eq. : m H2G h , + m 02 h 2 = m H20 h 3 H2Q + m 02 h 3 02 

Entropy Eq.: m H20 s, + m ()2 s 2 + S gen = m H20 s 3 H2 o + m 02 s 3 02 

Solve for T from the energy equation 

r * 1 H20 (h 3 H 20 _ + m Q2 (h 3 02 - h 2 ) = 0 

%20 C P h 2 o(T 3 - Tj) + m 02 C P q 2 (T 3 - T 2 ) = 0 

1.8 x 1.872 (T 3 - 400 - 273.15) + 3.2 x 0.922(T 3 - 400) = 0 
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T, = 545.6 K 


Sgen - %20 ( S 3 H20 ~ S l) + ^02 ( s 3 02 ~ s 2) 


- 1 ^ 1 H20 [ Cp H20 l n x ' R l n Yh20 1 + ^02 [ Cp 02 In x ' R In y 02 ] 

1 1 l 2 


T 3 _ t 3 


545.6 

= 1.8 [ 1.872 ln 673 15 - 0.4615 ln 0.5 ] 


+ 3.2 [ 0.922 ln 


545.6 

400 


-0.2598 ln 0.5 ] 


= - 0.132 + 1.492 = 1.36 kW/K 


The exergy destruction is proportional to the entropy generation 


® m = T 0 S gen = 298.15 x 1.36 = 405.5 kW 
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A mixture of 75% carbon dioxide and 25% water by mole is flowing at 1600 K, 
100 kPa into a heat exchanger where it is used to deliver energy to a heat 
engine. The mixture leave the heat exchanger at 500 K with a mass flow rate of 
2 kg/min. Find the rate of energy and the rate of exergy delivered to the heat 
engine. 


C.V. Heat exchanger, steady flow and no work. 


From Table A. 8: 

C02 

C02 

H20 

H20 


h in = 1748.12 kJ/kg, sx in = 6.7254 kJ/kg K 
h ex = 401.52 kJ/kg, STex = 5-3375 kJ/kg K 
h in = 3487.69 kJ/kg, s£ in = 14.0822 kJ/kg K 
h ex = 935.12 kJ/kg, s° T ex = 1 1.4644 kJ/kg K 


Energy Eq. : Q = m (h in - h ex ) = m £ C; (h in - h ex )j 

= ^ [0.75 (1748.12 - 401.52) + 0.25(3487.69 - 935.12)] 

= [ 1009.95 + 638.14 ] = 54.94 kW 

Entropy change (P does not change so partial pressures are constant): 


s in - s ex = 0.75(6.7254 - 5.3375) + 0.25(14.0822 - 11.9644) 
= 1.6954 kJ/kg K 

Exergy Flux: 

6 = m (\|/ in - v|/ ex ) = Q - T 0 m (s in - s ex ) 

= 54.94-298.15 x^x 1.6954 

= 38.09 kW 
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For flows with moist air where the water content is changed either by evaporation 
or by condensation what happens to the exergy? Is the water vapor in air flowing 
over a lake in equilibrium with the liquid water? 

If the liquid water and the water vapor in the air were in thermodynamic 
equilibrium then there would be no tendency to move from one phase to the other. 
The water vapor is at its partial pressure and the air mixture temperature whereas 
the liquid water is at 1 atm pressure and at the liquid water temperature. In such 
situations equilibrium is attained when the partial Gibbs function (g = h - Ts) of 
the water is the same in the two phases, see Chapter 14. Notice if T = T 0 the 

Gibbs function becomes the same expression as for the flow exergy. The water 
will transport from the higher Gibbs function (exergy) towards the lower Gibbs 
function (exergy) if there is a difference between the two. 


The difference then determines if evaporation or condensation occurs. If the 
temperature of the liquid and vapor is the same then the vapor should be at the 
saturated pressure P g (plus a very small amount s) to be in equilibrium with the 

liquid. When the conditions are close to equilibrium the exergy of the water in the 
two phases are nearly equal and there is then no difference in the exergy. 
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11.128 

A semi-permeable membrane is used for the partial removal of oxygen from air 
that is blown through a grain elevator storage facility. Ambient air (79% nitrogen, 
21% oxygen on a mole basis) is compressed to an appropriate pressure, cooled to 
ambient temperature 25°C, and then fed through a bundle of hollow polymer 
fibers that selectively absorb oxygen, so the mixture leaving at 120 kPa, 25°C, 
contains only 5% oxygen. The absorbed oxygen is bled off through the fiber walls 
at 40 kPa, 25°C, to a vacuum pump. Assume the process to be reversible and 
adiabatic and determine the minimum inlet air pressure to the fiber bundle. 

State 1 is the air inlet, state 2 is the 5% [ = 0.0416/(0.79 + 0.0416)] oxygen exit 
mix, state 3 pure 0 2 exit. 


0.79 N 2 
+ 

0.21 0 2 

Let reference be at state 1 so s = 0 at T = 25 °C & Pj 

%iix i=0 + 0- y A1 R In y A1 - y B1 R In y B1 

Smix 2 = 0 + 0 - R In (P 2 /P |) - y A2 R In y A2 - y B2 R In y B2 

Pure 0 2 : s 3 = 0 - R In (P 3 /P|) 

Entropy equation: n 1 s 1 = n 2 s 2 + n 3 s 3 

All T’s the same, so only partial pressure terms 

R [-0.83 16 In (P 2 /Pj) - 0.79 In 0.95 - 0.0416 In 0.05 

- 0.1684 In (P 3 /Pj) + 0.79 In 0.79 + 0.21 In 0.2l] 

0.8316 In (P 2 /Pj) + 0.1684 In (Pg/Pj) = -0.3488 + 4.6025 - In Pj = 

P 1 min = 141 kP a 

For P | > P | mjn we would have entropy generation AS > 0 
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Weighing of masses gives a mixture at 60°C, 225 kPa with 0.5 kg 0 2 , 1.5 kg N 2 
and 0.5 kg CH 4 . Find the partial pressures of each component, the mixture 
specific volume (mass basis), mixture molecular weight and the total volume. 
Solution: 

From Eq. 1 1 .4: = (mj /Mj) / Z mj/Mj 

n tot = Z mj/Mj = (0.5/31.999) + (1.5/28.013) + (0.5/16.04) 

= 0.015625 + 0.053546 + 0.031172 = 0.100343 
y 02 = 0.015625/0.100343 = 0.1557, 

y N2 = 0.053546/0.100343 = 0.5336, 
y CH4 = 0.031172/0.100343 = 0.3107 
From Eq.11.10: 

P 02 = Yo 2 Ptot = 0.1557x225 = 35 kPa, 

Pn 2 = yN 2 Ptot = 0.5336x225 = 120 kPa 
P CH4 = YCH4 p tot = 0.3107x225 = 70 kPa 

V to t = n tot RT/P = 0.100343 x 8.31451 x 333.15 / 225 = 1.235 m 3 

v = V tot /m tot = 1.235 / (0.5 + 1.5 + 0.5) = 0.494 m 3 /kg 
From Eq.11.5: 

M mix = Z yjMj = m tot /n tot = 2.5/0.100343 = 24.914 
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A carbureted internal combustion engine is converted to run on methane gas 
(natural gas). The air-fuel ratio in the cylinder is to be 20 to 1 on a mass basis. 
How many moles of oxygen per mole of methane are there in the cylinder? 

Solution: 

The mass ratio m AIR /m CH4 = 20, so relate mass and mole n = m/M 


n AIR 

n CH 4 



X M C h 4 /M air = 20x 16.04/28.97 = 11.0735 


n o 2 n o 2 n AIR 

-A = x = 0.21x11.0735 = 2.325 mole 0 2 /mole CH 4 

n CH 4 n AIR n CH 4 
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A mixture of 50% carbon dioxide and 50% water by mass is brought from 1500 
K, 1 MPa to 500 K, 200 kPa in a polytropic process through a steady state device. 
Find the necessary heat transfer and work involved using values from Table A. 5. 

Solution: 


Process Pv n = constant leading to 
n ln(v 2 /v 1 ) = ln(P 1 /P 2 ); v = RT/P 


n = In 


v 


1 000 
200 ) 


/in 


500 x 1000 
1 200 x 1500/ 


= 3.1507 


Eq. 11.15: R mix = £ qRj = 0.5 x 0.1889 + 0.5 x 0.4615 = 0.3252 kJ/kg K 


Eq. 11.23: C Pmix = E CjC Pi = 0.5 x 0.8418 + 0.5 x 1.872 = 1.3569 kJ/kg K 
Work is from Eq.7.18: 

w = -/vdP = - ~j~ (P e v e - PjVj) = - (T e - Tj) = 476.4 kJ/kg 


Heat transfer from the energy equation 

q = h e - hj + w = Cp(T e - Tj) + w = -880.5 kJ/kg 
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The accuracy of calculations can be improved by using a better estimate for the 
specific heat. Reconsider the previous problem and use C P = Ah/ AT, from Table 
A. 8 centered at 1000 K. 


A mixture of 50% carbon dioxide and 50% water by mass is brought from 1500 
K, 1 MPa to 500 K, 200 kPa in a polytropic process through a steady state device. 
Find the necessary heat transfer and work involved using values from Table A. 5. 

Solution: 

Using values from Table A. 8 we estimate the heat capacities 
1096.36 - 849.72 

Cp cc>2 - 1 100 - 900 - 1 .2332 kJ/kg K 

2226.73 - 1768.6 

Cp H 2 O _ 1 100 - 900 - 2.2906 kJ/kg K 


Eq. 11.23: C Pmix = E CjC Pi = 0.5 x 1.2332 + 0.5 x 2.2906 = 1.7619 kJ/kg K 
Eq.11.15: R niix = £ CjRj = 0.5 x 0.1889 + 0.5 x 0.4615 = 0.3252 kJ/kg K 
Process Pv n = C => n = ln(P 1 /P 2 ) / ln(v 2 Aq) and use Pv = RT 


n = In 


1000 ' 


/in 


V 200J 

Work is from Eq.7.18 

n 


500 x 1000' 
(200 x 1500/ 


= 3.1507 


nR 


w 


= -JvdP = - — f (P e v e - PjVj) = - — f (T e - Tj) = 476.4 kJ/kg 


Heat transfer from energy equation 

q = h e - hj + w = 1.7619(500 - 1500) + 476.4 = -1285.5 kJ/kg 
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A large air separation plant takes in ambient air (79% N 2 , 21% O 2 by mole) at 
100 kPa, 20°C, at a rate of 25 kg/s. It discharges a stream of pure 0 2 gas at 200 
kPa, 100°C, and a stream of pure N 2 gas at 100 kPa, 20°C. The plant operates on 

an electrical power input of 2000 kW. Calculate the net rate of entropy change for 
the process. 


Air 79 % N 2 
21 % 0 2 
Pj = 100 kPa 

Tj = 20 °C 
iri^ = 25 kg/s 



pure O 2 
pure N 2 


-W IN = 2000 kW 


P 2 = 200 kPa 
T 2 = 100 °C 

P 3 = 100 kPa 
T 3 = 20 °C 


Solution: 

To have the flow terms on a mass basis let us find the mass fractions 

From Eq. 1 1 .3: Cj = yj M/ X yjMj 

c Ql = 0.21 x 32 /[0.21 x 32 + 0.79 x 28.013] = 0.23293 ; 


c 


— 1 ■ Cq 2 — 0.76707 


m 2 = c 0o irq = 5.823 kg/s ; m 3 = Cj^irq = 19.177 kg/s 
The energy equation, Eq.4.10 gives the heat transfer rate as 

-Ti) + m^Cpo 

= 5.823 x 0.922 x(100-20) + 0 - 2000 = -1570.5 kW 
The entropy equation, Eq.7.7 gives the generation rates as 


N2 (T 3 - Tj) + W cv 


Qcv - 2^ mAhj + W cv - m O2 C P0 o 2 ^2 


Sgen = 2 mjAsj - Qcv/Tq = (rn 2 s 2 + m 3 s 3 
Use Eq.6.16 for the entropy change 


miSi)-Q c v /T o 


[ 373.2 2001 

0.922 in 2^2 ~ 0-2598 In 

+ 19.177 [0 - 0.2968 In (100/79)] = -3.456 kW/K 
Sgen = 1570.5/293.2 - 3.456 = 1.90 kW/K 
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Take Problem 1 1.57 with inlet temperature of 1400 K for the carbon dioxide and 
300 K for the nitrogen. First estimate the exit temperature with the specific heats 
from Table A. 5 and use this to start iterations using A. 9 to find the exit 
temperature. 

CV mixing chamber, steady flow. The inlet ratio is n C02 = 2 n N? and 
assume no external heat transfer, no work involved. 

C PC o 2 = 44 -01 x 0.842 = 37.06 ; C PN2 = 28.013 x 1.042 = 29.189 kJ/kmol K 


Continuity Equation: 0 = En in - Xn ex ; 
Energy Equation: 0 = Xii in h in - En ex h ex 


0 - 2n N2 C P co 2 ( T iir T cx) co 2 + % 2 Cp n 2 ( T in' T ex) 


N- 


0 = 2 X 37.06 X (1400-T ex ) + 29.189 x (300-T ex ) 

0 = 103768 + 8756.7 - 103.309 T ex O T ex = 1089 K 


From Table A. 9: Zn in h in = n N ^ [2 x 55895 + 1 x 54] = n N x 111844 

@ 1000K : Zn ex h ex = n N ^ [2 x 33397 + 21463] = n N x 88257 

@ 1 100K : En ex h ex = n N ^ [2 x 38885 + 24760] = n N x 102530 

@ 1200K : En ex h ex = n N ^ [2 x 44473 + 28109] = n N x 1 17055 

jL* 

Now linear interpolation between 1 100 K and 1200 K 


T ex = 1100 + 


100 x 


111844-102530 _ 
117055-102530 - 1164 K 
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A piston/cylinder has 100 kg of saturated moist air at 100 kPa, 5°C. If it is heated 
to 45°C in an isobaric process, find [Q 2 and the final relative humidity. If it is 

compressed from the initial state to 200 kPa in an isothermal process, find the 
mass of water condensing. 

Solution: 

Energy Eq.: m(u 2 - u,) = ,Q 2 - ,W 2 , 

Initial state 1: cjq = 100%, Table B. 1.1: P v j = 0.8721 kPa, h v i = 2510.54 

Pvt 0.8721 

Eq. 11.28 wj - 0.622 _ p ^ - 1(X) _ 0 872 i - 0.005472 

Eq. 11. 26 with = m tot " m vl = m tot " w l m a gives 

m a = m tot /(l+ w t) = 99.456 kg, 

Eq. 11.26 m vl = w^a = 0.544 kg 


Case a: P = constant => ] W 2 = mP(v 2 -v 1 ) => 


1Q2 = m ( u 2 ' u l) + l w 2 = m ( h 2 - hi) = m a C p (T 2 - Tj) + m(h v2 - h vl ) 
State 2: w 2 = Wi, T 2 => P v 2 = P v t and 

Table B. 1.1: h v2 = 2583.19 kJ/kg, P g2 = 9.593 kPa 


Eq. 11.25 



0.8721 

9.593 


0.091 


or 


<t>2 = 9.1% 


From the energy equation 

: Q 2 = 99.456 x 1.004(45 - 5) + 0.544(2583.19 - 2510.54) = 4034 kj 


Case b: As P is raised P v = y v P would be higher than P g => condensation. 

T = constant & <j > 2 = 100% => P v = P g = 0.8721 kPa 

0.8721 

— 0.622 n n — nn 

a2 


Py2 Py2 

wo = 0.622 = 0.622 5 D 


= 0.002724 


tot2-^y2 _ 200 -0.8721 
m v2 = w 2 m a = 0.27 1 kg, m liq = m vl - m v2 = 0.273 kg 
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11.136 

A piston/cylinder contains helium at 1 10 kPa at ambient temperature 20°C, and 
initial volume of 20 L as shown in Fig. PI 1.136. The stops are mounted to give a 
maximum volume of 25 L and the nitrogen line conditions are 300 kPa, 30°C. 
The valve is now opened which allows nitrogen to flow in and mix with the 
helium. The valve is closed when the pressure inside reaches 200 kPa, at which 
point the temperature inside is 40°C. Is this process consistent with the second 
law of thermodynamics? 

Pj = 110 kPa, Tj = 20 °C, V, = 20 L, V max = 25 L = V 2 

P 2 = 200 kPa, T 2 = 40 °C, ^ = 300 kPa, T i = 30°C 
Constant P to stops, then constant V = V max => W cv = Pi(V 2 - V^) 

Qcv = U 2 - Uj + W cv - njlii, 


= n 2 h 2 - njhi - n^ - (P 2 - P^V-, 


- n A (h A2 - h Ai ) + n B (h B2 - h B i) - (P? - Pi)V 2 


n B = n i = PiVj/RTi = 110x0.02/8.3145x293.2 = 0.0009 kmol 

n 2 = n A + n B = P 2 V 2 /RT 2 = 200x0.025/8.3145x313.2 = 0.00192 kmol, 
n A = n 2 - n B = 0.00102 kmol 

Mole fractions: y A2 = 0.00102/0.00192 = 0.5313, y B2 = 0.4687 

Q cv = 0.00102x28.013x1.042(40 - 30) + 0.0009x4.003x5.193(40 - 20) 

-(200- 110) 0.025 
= 0.298 + 0.374 - 2.25 = - 1.578 kJ 

^gen — ^ 1 ‘"’I " " Qcv^O 

= n A (s A 2 - s Ai ) + n B (s B2 - s B1 ) - Q cv /T 0 

313.2 - 0.5313*200 

S A2 ' s Ai = 29.189 l n 303^' ^ 300 = 9-5763 

313.2 - 0.4687*200 

S B2 ' s bi = 20.7876 In 293^ ' ^ fJo = 2.7015 
S„ en = 0.00102x9.5763 + 0.0009x2.7015 + 1.578/293.2 

gen 

= 0.0176 kJ/K > 0 Satisfies 2nd law. 
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11.137 

A spherical balloon has an initial diameter of 1 m and contains argon gas at 200 
kPa, 40°C. The balloon is connected by a valve to a 500-L rigid tank containing 
carbon dioxide at 100 kPa, 100°C. The valve is opened, and eventually the balloon 
and tank reach a uniform state in which the pressure is 185 kPa. The balloon 
pressure is directly proportional to its diameter. Take the balloon and tank as a 
control volume, and calculate the final temperature and the heat transfer for the 

V A i=f I 3 = 0.5236, 

_ PaiVai _ 200x 0,5236 
mA1 - RT A1 “ 0.208 13x313.2 “ 1-606 kg 

m B t = P B1 V B1 /RT B1 = 100x0.50/0.18892x373.2 = 0.709 kg 

Process: P = CD = CV 1/3 ■=> polytropic n = -l/3 ■=> 

/ p 2\3 /185\3 , 

V A 2 = V Al tp-j =0.5236t^i = 0.4144 m 3 

l\ l 

2: Uniform ideal gas mixture : 

P 2(Ya 2 + V B ) = ( m A^A + m B^B) rp 2 


process. 



B 

CO 2 


T 2 - P 2^A2 + V B ) / ( m A P A + m B P e) 

= 185 (0.4144+0.50) / (1.606x0.20813 + 0.709x0.18892) = 361.3 K 

Boundary work in a polytropic process from Eq.6.29 

P 2 V A2 - p ai v ai 185x0.4144-200x0.5236 , , 

Wl2 ~ 1 - (-1/3) _ (4/3) kPam 

= -21.0 kJ 

The heat transfer from the energy equation 

Q = m A C V0A (T 2 - T A1 ) + m B CvoB(T 2 - T B1 ) + W 12 
= 1.606x0.312(361.3 - 313.2) + 0.709x0.653(361.3 - 373.2) - 21.0 
= 18.6 -21.0 = -2.4 kJ 
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11.138 

a 

An insulated rigid 2 m tank A contains CO 2 gas at 200°C, IMPa. An uninsulated 


rigid 1 m tank B contains ethane, C 2 H 6 , gas at 200 kPa, room temperature 20°C. 

The two are connected by a one-way check valve that will allow gas from A to B, 
but not from B to A. The valve is opened and gas flows from A to B until the 
pressure in B reaches 500 kPa and the valve is closed. The mixture in B is kept at 
room temperature due to heat transfer. Find the total number of moles and the 
ethane mole fraction at the final state in B. Find the final temperature and pressure 
in tank A and the heat transfer to/from tank B. 

Solution: 



Tank A: V A = 2 m 3 , state A, : C0 2 , T A1 = 200°C = 473.2 K, P A1 = 1 MPa 


C v0 co 2 = 0-653 x 44.01 = 28.74, C P0 cc , 2 = 0.842 x44.01 = 37.06 kJ/kmol K 

Tank B: V B = 1 m 3 , state Bp C 2 H 6 , T B1 = 20°C = 293.2 K, P B1 = 200 kPa 
Slow Flow A to B to P B2 = 500 kPa and assume T B2 = T B1 = T 0 
Total moles scales to pressure, so with same V and T we have 


Pbi^b - n B1 RT B1 , 


Pb 2^B - n B2 mix RT B2 


n Bi Pbi 200 

Mole fraction: y r „ir r„ = = n = TTTTT = 0.400 

jl 2 h 6 b 2 n C T Pbt 


l B2 1 B2 

Pbi^b 200 X 1 


nB1_ RT B1 -Rx 293.2 
Pb2^b 500 x 1 


500 

= 0.08204 kmol 


= 0.2051 kmol 


n B2 mix RTb2 Rx 293.2 

n co 7 B2 = 0.205 1 - 0.08201 = 0. 12306 kmol 
Now we can work backwards to final state in A 
p ai v A 1000 x2 

n Ai = RT A1 = Rx473.2 = °- 50833 kmol; n A2 = n Ai - n co 2 B2 


= 0.38527 kmol 
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C.V. A: All C0 2 Transient with flow out and adiabatic. 
Energy Eq. : Q CV A = 0 = n A 2 * A 2 - n Ai u A i + n ave & ave 


0 - n A2 C v0 co 2 ^a2 ' n Ai C v0 co 2 Tai + n ave Cpo co 2 ( ^ai + T A2 )/2 

0 = 28.74( 0.38527X T A2 - 0.50833x473.2) + 0.12306 x 37.06(473.2 + T A2 )/2 

=> T A2 = 436.9 K 


_ n A2 RT A2 

Pa2 = v A 


0.38527 x 8.3145 x 436.9 

2 = 700 kPa 


C.V. B: Transient with flow in and non-adiabatic. 


QcV B + n Bi h Bi ave “ ( n ^) B2 " ( n ^) B1 “ ( n ^)c0 2 B2 + ( n u)c 2 H 6 B2 " ( n ^)c 2 H 6 B1 

Q CVB = 0.12306 X 28.74 x 293.2 + 0 - 0.12306 x 37.06 (473.2 + 436.9)/2 

= -1038 kj 
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11.139 

You have just washed your hair and now blow dry it in a room with 23°C, cj) = 
60%, (1). The dryer, 500 W, heats the air to 49°C, (2), blows it through your hair 
where the air becomes saturated (3), and then flows on to hit a window where it 
cools to 15°C (4). Find the relative humidity at state 2, the heat transfer per 
kilogram of dry air in the dryer, the air flow rate, and the amount of water 
condensed on the window, if any. 

The blowdryer heats the air at constant specific humidity to 2 and it then goes 
through an adiabatic saturation process to state 3, finally cooling to 4. 

1: 23°C, 60% rel hum => wi= 0.0104, hi = 69 kJ/kg dry air 

2 : w 2 = wi,T 2 => <|)2 = 15%, h 2 = 95 kJ/kg dry air 

CV. 1 to 2: w 2 = wi; q = h 2 - hi = 95 - 69 = 26 kJ/kg dry air 

m a = Q/q = 0.5/26 = 0.01923 kg/s 

CV. 2 to 3: W 3 - w 2 = miiq/m a ; m a h 2 + mii q hf = m a K 3 

3: <j) = 100% => T 3 = T wet ,2 = 24.8°C, w 3 = 0.0198 
4: (j) = 100%, T 4 => w 4 = 0.01065 

miiq = (w 3 - w 4 ) m a = (0.0198 - 0.01065) x 0.01923 = 0.176 g/s 
If the steam tables and formula's are used then we get 

h sl = 2543.5, h g2 = 2590.3, P gl = 2.837 kPa, P v i = 1.7022 kPa, 

P g 2 =11.8kPa, wi= 0.01077, w 2 = wi , P v2 = P v i 
<t >2 = Pv 2 /P g 2 = 14.4%, h fi = 1 14 kJ/kg, 

Trial and error for adiabatic saturation temperature. 

T 3 = 25°C, w 3 = 0.02, P v4 =P g4 = 1.705 kPa, 

w 4 = 0.622x1.705/(100-1.705) = 0.0108 
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11.140 

A 0.2 m insulated, rigid vessel is divided into two equal parts A and B by an 
insulated partition, as shown in Fig. PI 1.140. The partition will support a pressure 
difference of 400 kPa before breaking. Side A contains methane and side B 
contains carbon dioxide. Both sides are initially at 1 MPa, 30°C. A valve on side 
B is opened, and carbon dioxide flows out. The carbon dioxide that remains in B 
is assumed to undergo a reversible adiabatic expansion while there is flow out. 
Eventually the partition breaks, and the valve is closed. Calculate the net entropy 
change for the process that begins when the valve is closed. 



APmax - 400 kPa, Pai-Pbi- 

V A i - V B i =0.1 m 3 

T A1 =T b1 = 30°C = 303.2 K 


C0 2 inside B: s B2 = s B1 to P B2 = 600 kPa (P A2 = 1000 kPa) 


MPa 


For C0 2 ,k= 1.289 => T B2 


303.2 


0.289 

600 \ 1.289 
1000 / 


= 270.4 K 


n B2 = Pb 2 V B2 /R t B 2 = 600x0.1/8.3145x270.4 = 0.026 688 
n A2 = n A1 = 1000x0.1/8.3145x303.2 = 0.039 668 kmol 
The process 2 to 3 is adiabatic but irreversible with no work. 

Q 23 = 0 = n 3 u 3 - £. n i2 u i2 + 0 = n A2 C vo a(T 3-T A2 ) + n B2C vo b(T 3 -T B2 ) = 0 

0.039 668xl6.04xl.736(T 3 -303.2) + 0.026 688x44.01x0.653(T 3 -270.4) = 0 
Solve T 3 = 289.8 K 

Get total and partial pressures for the entropy change 

P 3 = nRT/V = 0.066356x8.3145x289.8/0.2 = 799.4 kPa 

P A3 = 0.5978x799.4 = 477.9 kPa , P B3 = P 3 - P A3 = 321.5 kPa 

289.8 477.9 

S A 3 _ s a 2 = 16.04x2.254 l n (^^) - 8.3145 ^“[qqq" = 4.505 kJ/kmol K 

289.8 321.5 

S B 3 - S B 2 = 44.01x0.842 111(270 4) ~ 8.3145 In ^qq = 7.7546 kJ/kmol K 

AS NET = n A2 (s A3 - s A2 ) + n B2 (s B3 - s B2 ) 

= 0.039668 x 4.505 + 0.026688 x 7.7546 = +0.3857 kJ/K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


11.141 


Ambient air is at a condition of 100 kPa, 35°C, 50% relative humidity. A steady 
stream of air at 100 kPa, 23°C, 70% relative humidity, is to be produced by first 
cooling one stream to an appropriate temperature to condense out the proper 
amount of water and then mix this stream adiabatically with the second one at 
ambient conditions. What is the ratio of the two flow rates? To what temperature 
must the first stream be cooled? 



P 1 = P,, = 100 kPa 
Tj =T, = 35 °C 
<t»i = <t> 2 = 0.50, <(> 4 = 1.0 
P 5 = 100, T 5 = 23 °C 

<|> 5 = 0.70 


2.814 

P yl = P y0 = 0.5x5.628 = 2.814 kPa => Wj = w 9 = 0.622x^qq_2 3^4 = 0.0180 

1.9859 

P y5 = 0.7x2.837 = 1.9859 kPa => w 5 = 0.622x^ } ^ ogsp = 0.0126 

C.V.: Mixing chamber: Call the mass flow ratio r = m a9 /m a] 

cons, mass: w ( + r w 4 =(1+ r)w 5 

Energy Eq.: h al + w^ + rh a4 + rw 4 h y4 = (l+r)h a5 + (l+r)w 5 h y5 

-> 0.018 + rw 4 = (l+r) 0.0126 

m a2 0.018-0.0126 P 


or 


r = 


m 


al 


0.0126-w 


G4 

with w 4 = 0.622 x "j^^T 


G4 


1.004x308.2 + 0.018x2565.3 + rxl.004xT + r w,h , 

4 4 v4 


= (l+r)xl.004 x 296.2 + (l+r)x0.0126x2543.6 


or r[l.004xT 4 + w 4 h Q4 - 329.3]+ 26.2 = 0 
Assume T, = 5 °C -> P = 0.8721, h„ =2510.5 

4 Cj4 Cj4 

w 4 = 0.622x0.8721/(100-0.8721) = 0.0055 

0.018-0.0126 

r _ m a2 /m ai “ 0.0126-0.0055 _ °* 7606 
0.7606[ 1.004x278. 2 + 0.0055x2510.5 - 329.6] + 26.2 = -1.42 ^0 OK 
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11.142 

An air-water vapor mixture enters a steady flow heater humidifier unit at state 1: 
10°C, 10% relative humidity, at the rate of 1 m /s. A second air-vapor stream 

enters the unit at state 2: 20°C, 20% relative humidity, at the rate of 2 m /s. 
Liquid water enters at state 3: 10°C, at the rate of 400 kg per hour. A single air- 
vapor flow exits the unit at state 4: 40°C, as shown in Fig. PI 1.142. Calculate the 
relative humidity of the exit flow and the rate of heat transfer to the unit. 


State 1: Tj = 10°C, (j), = 10%, V al = 1 nrVs 

P ffl = 1.2276 kPa, P vl = <^P al = 0.1228 kPa, P al = P - P vl = 99.877 kPa 


V 1 


PalV a i 


ctq = 0.622 = 0.000765, m al = = 1.2288 kg/s 

*al a 1 


m vl = co 1 m al = 0.00094 kg/s, h vl = h gl = 2519.7 kJ/kg 


State 2: T 2 = 20°C, <|> 2 = 20%, V a2 = 2 m 3 /s 

P e2 = 2.3385 kPa, P v2 = $ P„ 2 = 0.4677 kPa, P a2 = P - P v2 = 99.532 kPa 


v2 


Pa2 V a2 


co 2 = 0.622 = 0.002923, m a2 = ^ = 2.3656 kg/s 

a2 a2 


m v 2 = co 2 m a2 = 0.00691 kg/s, h v2 = h g2 = 2538.1 kJ/kg 

State 3: Liquid. T 3 = 10°C, m G = 400 kg/hr = 0. 1 1 1 1 kg/s, h f3 = 42 kJ/kg 

• • • 

Continuity Eq. air: m a4 = m a2 + m al = 3.5944 kg/s, 

• • • • 

Continuity Eq. water: m v4 = m vl + m v2 + m f3 = 0.1 1896 kg/s 

• • Py4 

co 4 = m v4 /m a4 = 0.0331 = 0.622 ETp - — > P v4 = 5.052 kPa 

r r v4 

P g4 = 7.384 kPa, c^ 4 = P v4 / P g4 = 0.684, h v4 = h g4 = 2574.3 kJ/kg 

• • • • • • • • 

Energy Eq.: Q + m al h al + m vl h vl + m a2 h a2 + m v2 h v2 + m f3 h r3 = m a4 h a4 + m v4 h v4 

Q = 1.004(3.5944 x 40 - 1.2288 x 10- 2.3656 x 20) + 0.11896 x 2574.3 
- 0.00094 x 2519.7 - 0.00691 x 2538.1 - 0.1111 x 42.0 
= 366 kW 
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11.143 

A dehumidifier receives a flow of 0.25 kg/s dry air at 35°C, 90% relative 

humidity as shown in figure PI 1.107. It is cooled down to 20°C as it flows over 
the evaporator and then heated up again as it flows over the condenser. The 

standard refrigeration cycle uses R-410A with an evaporator temperature of -5°C 
and a condensation pressure of 3000 kPa. Find the amount of liquid water 
removed and the heat transfer in the cooling process. How much compressor work 
is needed? What is the final air exit temperature and relative humidity? 

Solution: 

This set-up has a standard refrigeration cycle with R-410A. This cycle and the air 
flow interacts through the two heat transfer processes. The cooling of the air is 
provided by the refrigeration cycle and thus requires an amount of work that 
depends on the cycle COP. 


Refrigeration cycle: 

State 1: x=l Iq = 277.53 kJ/kg, s 1 = 1.0466 kJ/kg K 

State 2: s 2 = s 1? h 2 = 318.97 kJ/kg, T 2 = 72.9°C 
State 3: x 3 = 0.0, h 3 = h f = 141 .78 kJ/kg, (T 3 = 49.07°C) 
State 4: h 4 = h 3 and P 4 = Pj 



Now for the cycle we get 

w c = h 2 - hj = 318.97 - 277.53 = 41.44 kJ/kg 

q H = h 2 - h 3 = 318.97 - 141.78 = 177.19 kJ/kg 
q L = hj - h 4 = 277.53 - 141.78 = 135.75 kJ/kg 


For the air processes let us use the psychrometric chart. 
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Air inlet: w in = 0.019, h in = 96 kJ/kg dry air, T dew = 24°C > 15°C 

Air 15: <f> = 100%, w 20 = 0.0148, h 20 = 77.5, h f = 83.94 (B. 1.1) 

Now do the continuity (for water) and energy equations for the cooling process 

niiiq = m air (w in - w 2 q) = 0.25 (0.019 - 0.0148) = 0.00105 kg/s 

Qcool - m air ( hj n - h 20 ) - nijjqhf = 0.25(96 - 77.5) - 0.00105 x 83.94 

= 4.537 kW 

Now the heater from the R-410A cycle has 

Qheat = Qcool (q H / q L ) = 4.537 (177.19 / 135.75) = 5.922 kW 
so the compressor work is the balance of the two 

W c = Qheat - Qcool = 5.922 - 4.537 = 1*385 kW 
Energy eq. for the air flow being heated 

Qheat — m air( ^ex “ ^ 2() ) — ^ h ex — h 2 Q + Qheat ! m air 
hex = 77.5 + 5.922 / 0.25 = 101.2 kJ/kg dry air and w ex = w 2 q 
Locate state in the psychrometric chart 

T = 43.5°C and (j) = 27% 
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11.144 

The air-conditioning by evaporative cooling in Problem 11.101 is modified by 
adding a dehumidification process before the water spray cooling process. This 
dehumidification is achieved as shown in Fig. PI 1.144 by using a desiccant 
material, which absorbs water on one side of a rotating drum heat exchanger. The 
desiccant is regenerated by heating on the other side of the drum to drive the 
water out. The pressure is 100 kPa everywhere and other properties are on the 
diagram. Calculate the relative humidity of the cool air supplied to the room at 
state 4, and the heat transfer per unit mass of air that needs to be supplied to the 
heater unit. 

States as noted on Fig. PI 1.144, text page 552. 

At state 1, 35 °C: P vl = c^P gl = 0.30 x 5.628 = 1.6884 kPa 
Wl = 0.622 x 1.6884/98.31 = 0.010 68 
At T 3 = 25 °C: w 3 = w 2 = w,/2 = 0.00534 

Evaporative cooling process to state 4, where T 4 = 20°C 
Energy as in Eq. 1 1 .30: w 3 (h v3 - h f4 ) = C P0A (T 4 - T 3 ) + w 4 h fg4 

0.005 34 (2547.2 - 83.9) = 1.004(20 - 25) + w 4 x 2454.2 
w 4 = 0.0074 = 0.622 x P v4 / (100 - P v4 ) 

P v4 = 1.176 kPa, (j) 4 = 1.176 / 2.339 = 0.503 
Following now the flow back we have T 5 = 25 °C, w 5 = w 4 = 0.0074 
Evaporative cooling process to state 6, where T 6 = 20°C 
w 5(h v 5 ' hf6) = C P0A (T 6 - T 5 ) + w 6 h fg6 
0.0074(2547.2 - 83.9) = 1.004(20 - 25) + w 6 x 2454.2 
=> w 6 = 0.009 47 
For adiabatic heat exchanger, 

m A2 = m A 3 = m A6 = m A7 = m A , Also w 2 = w 3 , w 6 = w 7 
So now only T 7 is unknown in the energy equation 

h A 2 + w 2 h v2 + h A 6 + w 6 h v6 = h A 3 + W 3 h v3 + h A 7 + w 7 h v7 
or 

C P0A T 7 + w 6 (h v7 ' hvfO = C P0A (T 2 + T 6 - T 3 ) + w 2 (h v2 - h v3 ) 

1.004 T 7 + 0.009 47(h vV - 2538.1) = 1.004(60 + 20 - 25) 

+ 0.005 34(2609.6 - 2547.2) = 55.526 
By trial and error, T 7 = 54.7 °C, h v7 = 2600.3 kJ/kg 
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For the heater 7-8, w 8 = w 7 , 

Q/m A = C poa (T 8 - T 7 ) + w 7 (h v8 - h v7 ) 

= 1.004(80 - 54.7) + 0.009 47(2643.7 - 2600.3) = 25.8 kj/kg dry air 
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Concept Problems 
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11.145 

If oxygen is 21% by mole of air, what is the oxygen state (P, T, v) in a room at 
540 R, 15 psia of total volume 2000 ft 3 ? 


The temperature is 540 R, 

The partial pressure is Pq 2 = yPtot = 0.21 x 15 psia = 3.15 psia. 


At this T, P: 

v = RT/P 


48.28 x 540 (ft-lbf/lbm R) x R , 

“ 3.15 x 144 (lbf/in 2 ) (in/ft) 2 “ 5748 ft /lbm 


Remark: If we found the oxygen mass then 


m 02 v 02 = V = 2000 ft 3 
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Mixture Composition and Properties 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


11.146 

A flow of oxygen and one of nitrogen, both 540 R, are mixed to produce 1 lbm/s 
air at 540 R, 15 psia. What are the mass and volume flow rates of each line? 


We assume air has mole fraction of oxygen 0.21 and nitrogen 0.79. 
For the mixture, M = 0.21 x 32 + 0.79 x 28.013 = 28.85 
For 0 2 , c = 0.21 x 32 7 28.85 = 0.2329 


For N 2 , c = 0.79 x 28.013 / 28.85 = 0.7671 

Since the total flow out is 1 lbm/s, these are the component flows in lbm/s. 
Volume flow of 0 2 in is 


• RT „ , „ , 48.28 lbf-ft/lbm-R x540 R 

V = cmv = cm ~T7~ = 0.2329 x 1 lbm/s x — — : — , . . . 2 

r 15 psi xl44 in /ft 

= 2.81 ft 3 /s 

Volume flow of N 2 in is 

. RT 55.15 lbf-ft/lbm-R x540R 

V = cmv = cm = 0.7671 x 1 lbm/s x — : , . . . J7^ 

r 15 psi xl44 in /ft 

= 10.58 ft 3 /s 
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11.147 

A gas mixture at 250 F, 18 lbf/in. 2 is 50% N 2 , 30% H 2 0 and 20% O 2 on a mole 

basis. Find the mass fractions, the mixture gas constant and the volume for 10 lbm 
of mixture. 


Solution: 

The conversion follows the definitions and identities: 

From Eq. 1 1 .3 : c A = yj M/ X yjMj 

From Eq.11.5: 

M mix = £ yj M j = 0-5 x 28.013 + 0.3 x 18.015 + 0.2 x 31.999 

= 14.0065 + 5.4045 + 6.3998 = 25.811 
c N2 = 14.0065 / 25.811 = 0.5427, c H20 = 5.4045 / 25.811 = 0.2094 

c 02 = 6.3998 / 25.811 = 0.2479, sums to 1 OK 


From Eq.l 1.14 and R = 1545.36 lbf-ft/lbmol-R: 


R mix = R/Mmix 


V = mRjnjx T/P = 10 lbm x 


1545.36/25.811 =59.87 lbfft/lbmR 
59.87 lbf-ft/lbm-R x 710 R 


18 psi xl44 in 2 /ft 2 


= 164 ft 3 
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11.148 

In a car engine gasoline (assume octane CsHis) is evaporated and then mixed with 
air in a ratio of 1 : 15 by mass. In the cylinder the mixture is at 1 10 psia, 1200 R 
when the spark fires. For that time find the partial pressure of the octane and the 
specific volume of the mixture. 


Assuming ideal gas the partial pressure is Pj = yj P and c C8H18 = 1/16 = 0.0625 


From Eq. 1 1 .4: yj = [q /MJ / X Cj/Mj 

0.0625/114.232 _ 

YC8H18 - 0.0625/114.232 + 0.9375/28.97 -°- 008186 
P C8H18 = 0.008186 x 1 10 = 0.90 psia 


The gas constant from Eq. 1 1 . 1 5 : 


P mix — 
v mix — 


X CjRj = 0.0625 X 13.53 + 0.9375 x 53.34 = 50.852 ft-lbf/lbm-R 
50.852 lbf-ft/lbm-R x 1200 R 


R mix T/p = 


110 psi xl44 in 2 /ft 2 


= 3.852 ft 3 /lbm 
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11.149 

A diesel engine sprays fuel (assume n-Dodecane C 12 H 26 , M = 170.34 lbm/lbmol) 
into the combustion chamber already filled with in an amount of 1 mol fuel per 88 
mol air. Find the fuel fraction on a mass basis and the fuel mass for a chamber that 

is 0.07 ft 3 at 1400 R and total pressure of 600 psia. 


From Eq. 11.3: Cj = yj Mj/ X yjMj 

(1/89) X170.34 

c fuet - ( 1/89 ) x 170.34 + (88/89) 28.97 


0.06263 


Use ideal gas for the fuel vapor 

p fuel v (1/89) x 600 psi x 0,07 ft 3 x 144 (in/ft) 2 
mfuel “ R fuel T " (1545.4/170.34) ft-lbf/lbm-R x 1400 R “ °‘° 0535 lbm 

We could also have done the total mass and then used the mass fraction 

Eq.11.5: M mix = X YjMj = (1/89) x 170.34 + (88/89) x 28.97 = 30.558 


R^x = R/Mj^jx = 1545.4 / 30.558 = 50.5727 ft-lbf/lbm-R 

T , ^ ^ 600 psi x 0.07 ft 3 x 144 (in/ft) 2 

m = pv / R mix T = 50.5727 ft-lbf/lbm-R x 1400 R = 0 ‘ 08542 lbm 


m fuel = c fuel m = 0.06263 x 0.08542 lbm = 0.00535 lbm 
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11.150 

A new refrigerant R-410A is a mixture of R-32 and R-125 in a 1:1 mass ratio. 
What is the overall molecular weight, the gas constant and the ratio of specific 
heats for such a mixture? 

Eq. 11.15: 

Rmix = X CjRj = 0.5 x 29.7 + 0.5 x 12.87 = 21.285 ft-lbf/lbm R 
Eq. 11.23: 

C P mix = X q C P j = 0.5 x 0.196 + 0.5 x 0.189 = 0.1925 Btu/lbm R 
Eq. 11.21: 

Cv mix = X CjC v i = 0.5 X 0.158 + 0.5 x 0.172 = 0.165 Btu/lbm R 
( — Cp mix " ^mix ) 

kmix = Cp mix / Cy mix = 0.1925 / 0.165 = 1.1667 

M = X YjMj = = 1 / Z ( Cj / Mj) = — ^ 1 0 5 = 72.586 

52.024 + 120.022 
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11.151 

Do the previous problem for R-507a, which is a 1:1 mass ratio of R-125 and R- 
143a. The refrigerant R-143a has molecular mass of 84.041 lbm/lbmol, and Cp = 

0.222 Btu/lbm-R. 

For R-143a: R = 1545.36/84.041 = 18.388 ft-lbf/lbm-R 

C v = C P - R = 0.222 - 18.388/778.17 = 0.1984 Btu/lbm-R 

Eq. 11.15: 

Rmix = X qRi = 0.5 X 12.87 + 0.5 x 18.388 = 15.629 ft-lbf/lbm R 


Eq.11.23: 

Cp mix = X q C P i = 0.5 x 0.189 + 0.5 x 0.222 = 0.2055 Btu/lbm R 
Eq. 11.21: 

C V mix = X qCy i = 0.5 x 0.172 + 0.5 x 0.1984 = 0.1852 Btu/lbm R 

( — Cp mix ' Rmix ) 

k mix = Cp mix / C v mix = 0-2055 / 0.1852 = 1.1096 

M = X yjMj = = 1 / Z ( Cj / Mj) = — ^ 1 Q 5 = 98.86 

84.041 + 120.022 
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Simple Processes 
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11.152 

A rigid container has 1 lbm CO 2 at 540 R and 1 lbm argon at 720 R both at 20 
psia. Now they are allowed to mix without any heat transfer. What is final T, P? 

No Q, No W so the energy equation gives constant U 
Energy Eq.: 

U 2 - Uj = 0 = m C0 2( u 2 - u l)c02 + m Ar( u 2 “ u l)Ar 

= m C02 C v C02( T 2 “ T l)c02 + m Ar C v Ar( T 2 “ T l)Ar 
= (1x0.201 + 1x0.124) Btu/R x T 2 - (1x0.201x540 + 1x0.124x720) Btu 

T 2 = 608.7 R, 

Volume from the beginning state 

V = V 1 = V C02 + V Ar = m C02 R C02 T C02 /P + m Ar R Ar T Ar /P 

= [1x35.10x540/20 + 1x38.68x720/20 ]/144 = 16.25 ft 3 
Pressure from ideal gas law and Eq.11.15 for R 
P 2 = mRT/V 

= (1x35.10 + 1x38.68) x 608.7/(16.25 xl44) = 19.2 psia 
/ \ 



V J 
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11.153 

A flow of 1 lbm/s argon at 540 R and another flow of 1 lbm/s CO 2 at 2800 R both 
at 20 psia are mixed without any heat transfer. What is the exit T, P? 

No work implies no pressure change for a simple flow. 

P e = 20 psia 

The energy equation becomes 

mhi = mh e = (mh i ) Ar + (mh 1 ) C02 = (mh e )Ar + (mh e )c02 

=> I ^C02 C p C02( T e “ T i)c02 + ^ArCp Ar( T e “ T i)Ar = 0 
=> ™Ar C p Ar T i + I ’ 1 C02 C p C02 T i = I '^Ai'Cp Ar + mC02 C p CO2] T e 


(1 x 0.124 x 540 + lx 0.201 x 2800) Btu/s 

= (1 x 0.124 + 1 x 0.201) Btu/s-R x T e 

T e = 1937.7 R 
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11.154 

Repeat the previous problem using variable specific heats. 

A flow of 1 lbm/s argon at 540 R and another flow of 1 lbm/s CO2 at 2800 R both 
at 20 psia are mixed without any heat transfer. What is the exit T, P? 

No work implies no pressure change for a simple flow. 

P e = 20 psia 

The energy equation becomes 

mhi = mh e = (mh i ) Ar + (mh i ) C02 = (mh c ) Ar + (mh e ) C02 

=> 'VxAA - hj) C02 + m Ar C p Ar (T e - Ti) Ar = 0 
=> ™Ar C p Ar T i + ™C02 h i = m Ar C p Ar T e + m C02 h eCQ2 


1 x 0.124 x 540 + 1 x 27 926/44.01 = 701.5 Btu/s 

= 1 lbm/s x (0.124 Btu/lbm-R T e + h e(2 o2) 
Trial and error on RHS using Table F.6 for h e(2 o2 

T e = 2000 R: RHS = 16982/44.01 + 0.124 x 2000 = 633.87 too small 

T e = 2200 R: RHS = 19659/44.01 + 0.124 x 2200 = 719.494 too large 

Final interpolation 

701.5 - 633.87 

T e - 2000 + 200 -7 J9_494 _ 633.87 - 2158 R ; 

1 Ar 

2 C0 2 


A 


MIXING 

CHAMBER 

£b 


[?+-► 

3 Mix 
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11.155 

A pipe flows 0.1 lbm/s mixture with mass fractions of 40% CO 2 and 60% N 2 at 

9 

60 lbf/in. , 540 R. Heating tape is wrapped around a section of pipe with 
insulation added and 2 Btu/s electrical power is heating the pipe flow. Find the 
mixture exit temperature. 

Solution: 

C.V. Pipe heating section. Assume no heat loss to the outside, ideal gases. 


Energy Eq. : Q = m(h e - hj) = mC P mix (T c - Tj) 

From Eq.l 1.23 


C P mix = Z q C P j = 0.4 x 0.201 + 0.6 x 0.249 = 0.23 Btu/lbm R 
Substitute into energy equation and solve for exit temperature 

2 Btu/s 


T e — Tj + Q / mCp MIX — 540 R + 


0.1 lbm/s x 0.23 Btu/lbm R 


= 626.9 R 
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11.156 

An insulated gas turbine receives a mixture of 10% CO 2 , 10% FEO and 80% N 2 

2 2 

on a mass basis at 1800 R, 75 lbf/in. . The volume flow rate is 70 ft /s and its 

9 

exhaust is at 1300 R, 15 lbf/in. . Find the power output in Btu/s using constant 
specific heat from F.4 at 540 R. 


C.V. Turbine, Steady, 1 inlet, 1 exit flow with an ideal gas mixture, q = 0. 
Energy Eq.: W x = m(hj - h e ) = n(hj - h e ) = nC P mix (Tj - T e ) 


• PV 

PV = nRT => n = — 

RT 


75 psi x 144 in 2 /ft 2 x 70 ft 3 /s 
1545.4 lbf-ft/lbmol-R x 1800 R = °' 272 lbmol/s 


Cp mix = Zyi Q = 0. 1 X 44.01 X 0.201 + 0.1 X 18.015 X 0.447 

+ 0.8 x 28.013 x 0.249 = 7.27 Btu/lbmol R 

W T = 0.272 lbmol/s x 7.27 Btu/lbmol-R x (1800 - 1300) R = 988.7 Btu/s 
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11.157 

Solve Problem 11.156 using the values of enthalpy from Table F.6 

C.V. Turbine, Steady, 1 inlet, 1 exit flow with an ideal gas mixture, q = 0. 

• • • - 

Energy Eq.: W T = m(hj - h e ) = n(hj - h e ) 


PV = nRT => 


. PV 
n = — 

RT 


75 psi x 144 in 2 /ft 2 x 70 ft 3 /s 
1545.4 lbf-ft/lbmol-R x 1800 R 


W T = 0.272 lbmol/sx [0.1(14 358 -8121) + 0.1(11 178 

+ 0.8(9227 - 5431)] Btu/lbmol 

= 1123.7 Btu/s 


0.272 lbmol/s 


6468.5) 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


11.158 

A piston cylinder device contains 0.3 lbm of a mixture of 40% methane and 60% 
propane by mass at 540 R and 15 psia. The gas is now slowly compressed in an 
isothermal (T = constant) process to a final pressure of 40 psia. Show the process 
in a P-V diagram and find both the work and heat transfer in the process. 


Solution: 

C.V. Mixture of methane and propane, this is a control mass. 
Assume methane & propane are ideal gases at these conditions. 
Energy Eq.3.5: m(u 2 - u : ) = : Q 2 - iW 2 


Property from Eq. 1 1 . 1 5 
R mix = 0-4 R CH4 + 0-6 R 


C3H8 


= 0.4 x 96.35 + 0.6 x 35.04 = 59.564 


ft-lbf 
lbm R 


0.07656 


Btu 
lbm R 


Process: T = constant & ideal gas => 

jW 2 = I P dV = rnR mix T J (l/V)dV = mR mix T In (V 2 /V,) 

= mR mix T ln ( p i /p 2) 

= 0.3 lbm X 0.07656 x 540 R ln (15/40) = -12.16 Btu 

Now heat transfer from the energy equation where we notice that u is a 
constant (ideal gas and constant T) so 

1 Q 2 =: m(u 2 — Uj) + 2 = — -12.16 Btu 
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11.159 

Two insulated tanks A and B are connected by a valve. Tank A has a volume of 

Q 2 

30 ft and initially contains argon at 50 lbf/in. , 50 F. Tank B has a volume of 60 

ft and initially contains ethane at 30 lbf/in. , 120 F. The valve is opened and 
remains open until the resulting gas mixture comes to a uniform state. Find the 
final pressure and temperature. 


Energy eq.: = 0 = n^C^-T^) + n C yo (T 2 -T B1 ) 

Z O 

50 psixl44 in 2 /ft 2 x30 ft 3 

n. = P..V./RT. , = , n CAn t n = 0.2743 lbmol 

Ar At A At 1545 lbf-ft/lbmol-Rx509.7 R 

30 psixl44 in 2 /ft 2 x60 ft 3 

n c 2 H 6 “ P bi V b /RT bi “ 1545 lbf-ft/lbmol-Rx 579 .7 R _ 0-2894 lbmo1 


n =n. +n„ TI = 0.5637 lbmol 

2 Ar 

z o 

Substitute this into the energy equation 

0.2743 x 39.948 x 0.0756 (T, - 509.7) 


+ 0.2894 x 30.07 x 0.361 (T 2 - 509.7) = 0 


Solving, T., = 565.1 R 



= n,RT„/(V A +V B ) = 


0.5637x1545x565.1 

90x144 


= 38 lbf/in 2 
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11.160 


A mixture of 4 lbm oxygen and 4 lbm of argon is in an insulated piston cylinder 


2 

arrangement at 14.7 lbf/in. , 540 R. The piston now compresses the mixture to 
half its initial volume. Find the final pressure, temperature and the piston work. 

Since T : » T c assume ideal gases. 

Energy Eq.: u 2 - u 1 = ^ - jW 2 = - jW 2 ; Entropy Eq.: s 0 - s : = 0 

Process Eq.: Pv k = constant, v 9 = Vj/2 

P 2 = p^v/v/ = P j(2) k ; T 2 = T^v/v/- 1 = T J (2) k ' 1 
Find k . to get P_, T, and C for u_ - u. 

mix ° 2 2 v mix 2 1 

R . = Ec.R. = (0.5 x 48.28 + 0.5 x 38.68)/778 = 0.055887 Btu/lbm R 

mix 1 1 v 7 

C D . = Zc.C D . =0.5 x 0.219 + 0.5 x 0.1253 = 0.17215 Btu/lbm R 

Pmix l Pi 

C . =C D . -R . =0.1 1626 Btu/lbm-R, k . = C D . /C . = 1.4807 

vmix Pm ix mix mix Pmix vmix 

1.4805 


P^ = 14.7(2) 1 ' 48U5 = 41.03 lbf/in 2 , 


Eq.6.25: 

Eq.6.24: T, = 540 x 2°- 4805 = 753.5 R 

Work from the energy equation 

: w 2 = u f u 2 = C v (T f T 2 ) = 0.11626 (540 - 753.5) 

= -24.82 Btu/lbm 

,W 0 = m w_ = 8 (-24.82) = -198.6 Btu 

12 tot 1 2 v y 
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11.161 

A flow of gas A and a flow of gas B are mixed in a 1:2 mole ratio with same T. 
What is the entropy generation per lbmole flow out? 

For this the mole fractions are, 

y A = V n tot = 1/3; y B = n B /n to t = 2/3 

Eq. 11.19: AS = - R[(l/3) ln(l/3) + (2/3) ln(2/3)] = + 0.63651 R 

= 0.63651 x 1.98589 = 1.264 Btu/lbmol-R 
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11.162 

A rigid container has 1 lbm argon at 540 R and 1 lbm argon at 720 R both at 20 
psia. Now they are allowed to mix without any external heat transfer. What is 
final T, P? Is any s generated? 

Energy Eq.: U 2 - Uj = 0 = 2mu 2 - mu la - mu lb = mC v (2T 2 - T la - T lb ) 

T 2 = (Tia + T lb )/2 = 630R, 

Process Eq.: V = constant => 

P 2 V = 2mRT 2 = mR(T la + T lb ) = P x V la + PjV lb = Pi V 

P 2 = Pi = 20 psia 

AS due to temp changes only , not P 

AS = m (s 2 - s la ) + m (s 2 - s lb ) = mC [ In (T 2 /T la ) + In (T 2 /T lb ) ] 

r 630 630 n 

= 1 x 0. 124 [ In + In J = 0.00256 Btu/R 

r a 



v J 

Why did we not account for partial pressures? Since we mix argon with argon there 
is no entropy generation due to mixing and no partial pressure. 
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What is the rate of entropy increase in problem 11.153E? 


Using Eq. 1 1 .4, the mole fraction of CO 2 in the mixture is 

_ c CQ2 /m CQ2 0.5/44.01 

yc ° 2 “ c C 02 /M C02 + c Ar /M Ar “ 0.5 / 39.948 + 0.5 / 44.01 “ °' 4758 

YAt = 1 - YC02 = 0.5242 
The energy equation becomes 

mhi = mh e = (mh i ) Ar + (mh i ) C02 = (mh c ) Ar + (mh e ) C02 
=> I ^ L C02 ( -'p C02( T e “ T i)c02 + ^ArCp Ar( T e “ T i)Ar = 0 


^ArCp Ar T i + J i 1 C02 C p C02 T i - I '^ArCp Ar + I i 1 C02 C p CO2] T e 


(1 x 0.124 x 540 + lx 0.201 x 2800) Btu/s 

= (1 x 0.124 + 1 x 0.201) Btu/s-R x T e 


T e = 1937.7 R 


From Eqs. 11.16 and 11.17, from the two inlet states to state 2, 


m(s e - Sj) = 1 x [0.124 ln( 


1937.7 38.68 0.5242x20 


-)- 


In (' 


+1 x [0.201 ln( 


540 7 778 20 

1937.7 35.10. 0.4758x20 


-)] 


2800 


-)- 


778 


In (" 


20 


)] = 0.15 Btu/s R 


The increase is also the entropy generation as there is no heat transfer. 
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Find the entropy generation for the process in Problem 11.159E. 


Energy eq. = 0 = n M C yo (J 2 -T M ) + n C yo (T 2 -T m ) 

Z o 

50 psixl44 in 2 /ft 2 x30 ft 3 

n. = P..V./RT. , = . c . c ,, j. f . nu , n .„ n „ n = 0.2743 lbmol 
Ar At A At 1545 lbf-ft/lbmol-Rx509.7 R 

30 psixl44 in 2 /ft 2 x60 ft 3 

n c 2 H 6 “ P bi V b /RT bi “ 1545 lbf-ft/lbmol-Rx 579 .7 R - 0-2894 lbmo1 
n = n . + n „ .. = 0.5637 lbmol 

Z O 

Substitute into energy equation 

0.2743 x 39.948 x 0.0756 (T 2 - 509.7) 

+ 0.2894 x 30.07 x 0.361 (T, - 509.7) = 0 

Solving, 17 = 565.1 R 


P 2 = n 2 RT 2 /(V A+ V B ) = 


0. 5637x1545x565.1 
90x144 


= 38 lbf/in' 


AS SURR = 0 AS ge„ = AS SYS = n Ar AS Ar + Vti A W 

Z o Z o 


y^ = 0.2743/0.5637 = 0.4866 

- - , T 2 YatPi 

AS a, = C D a. In 77 - Rln 


Ar Ar 111 ^ 


A1 


A1 


565.1 1545 0.4866x38 

= 39.948x0.1253 In 777^7 - ^7777 In 77 =2.4919 Btu/lbmol R 


509.7 778 


50 


AS 


T 2 _ yC 2 H 6 P 2 
= Cr. XT, In— -Rln 


c 2 h 6 -^c 2 h 6 ^ Tbi 


B1 


565.1 1545 0.5134x38 

= 30.07x0.427 In 777777 - ttttt In 


579.7 778 

= 0.5270 Btu/lbmol R 


30 


AS gen = 0.2743x2.4919 + 0.2894x0.5270 = 0.836 Btu/R 
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Carbon dioxide gas at 580 R is mixed with nitrogen at 500 R in an insulated 

mixing chamber. Both flows are at 14.7 lbf/in. and the mole ratio of carbon 
dioxide to nitrogen is 2: 1. Find the exit temperature and the total entropy 
generation per mole of the exit mixture. 

CV mixing chamber, steady flow. The inlet ratio is n cc , 2 = 2 n Nl and 
assume no external heat transfer, no work involved. 


Continuity: 
Energy Eq.: 


^co 2 + 2nN 2 - ^ex - 3n N2 ; 


^N 2 (hN 2 + 2hco 2 ) - 3n N2 h 


mix ex 


Take 540 R as reference and write h = h 54Q + C pmix (T-540). 


C D M (T. NT -540) + 2CL ^ (T. -540) = 3C D . (T . -540) 

P N 2 iN 2 ' PCO ? v i C0 9 ' P mix' mix ex 7 


Cp ■ = ZyCp. = (29.178 + 2x37.05)/3 = 8.2718 Btu/lbmolR 

P mix l P l v 7 


3C P . T . = C PN T. M + 2C prn T. rn = 13 837 Btu/lbmol 

P mix mix ex P 1 P CO ? 1 CO^ 


T . = 557.6 R; 

mix ex 


Partial pressures are total pressure times molefraction 


P M =P t 73; P = 2P 1 3 

ex tot ex CO^ tot 


S = n s -(ns).„„ - (ns).. T = n. T (s - s.). T + 2n. T (s - s.)„„ 

gen ex ex v 7 iC0 9 v 7 iN 9 N ? v e i^N N 2 V e rC0 9 


T 


T 


• — 0 ^ _ _ 

S /n. T = C nxT In ^ - Rln y XT + 2CL„ In ^ - 2 Rln y„ 

gen PN n 1 XT ; N^ PCCE i ■'CO, 

2 iN, 


ex 

In ttt 
2 iCO, 


= 0.7575 + 2.1817 - 0.7038 + 1.6104 = 3.846 Btu/lbmol N 2 R 
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A steady flow 0.6 lbm/s of 60% carbon dioxide and 40% water mixture by mass 
at 2200 R and 30 psia is used in a constant pressure heat exchanger where 300 
Btu/s is extracted from the flow. Find the exit temperature and rate of change in 
entropy using Table F.4 


Solution: 

C.V. Heat exchanger, Steady, 1 inlet, 1 exit, no work. 
Continuity Eq.: c C02 = 0-6; C H20 = 0.4 


Energy Eq.: Q = m(h e - hj) ~ m Cp (T e - Tj) => T e = Tj + Q/m Cp 

Inlet state: Table F.4 

C P = 0.6 x 0.201 + 0.4 x 0.447 = 0.2994 Btu/lbm-R 


Exit state: 


T e = Tj + Q/m C P = 2200 R - 


300 Btu/s 

0.6 lbm/s x 0.2994 Btu/lbm-R 


= 530 R 

The rate of change of entropy for the flow is (P is assumed constant) 


m(s e - Sj) = m[Sj e - s^ - R ln(P e /Pj)] = m[s^ e - s^j) ~ m Cp ln(T e /Tj) 

= 0.6 x 0.2994 ln(530 / 2200) = -0.256 Btu/s-R 

The entropy generation rate cannot be estimated unless the average T at which 
the heat transfer leaves the control volume is known. 
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A steady flow 0.6 lbm/s of 60% carbon dioxide and 40% water mixture by mass 
at 2200 R and 30 psia is used in a constant pressure heat exchanger where 300 
Btu/s is extracted from the flow. Find the exit temperature and rate of change in 
entropy using Table F.6 

Solution: 

C.V. Heat exchanger, Steady, 1 inlet, 1 exit, no work. 

Continuity Eq.: c C02 = 0-6; C H20 = 0.4 

Energy Eq.: Q = m(h e -hj) => h c = hj + Q/m 

Inlet state: Table F.6 

hj = 0.6 x 19659/44.01 + 0.4 x 15254/18.015 = 606.71 Btu/lbm 

Exit state: h e = hj + Q/m = 606.71 - 300/0.6 = 106.71 Btu/lbm 
Trial and error for T with h values from Table F.6 

@800 R h e = 0.6 x 2525/44.01 + 0.4 x 2142/18.015 = 81.984 Btu/lbm 

@1000 R h e = 0.6 x 4655/44.01 + 0.4 x 3824/18.015 = 148.37 Btu/lbm 
Interpolate to have the right h: T = 874.5 R 

Entropy Eq.7.8: ms e = msj + Q/T + S gen 

The rate of change of entropy for the flow is (P is assumed constant) 

m(s e - Sj) = m(s£ e - sjj) 

= 0.6[ 0.6(55.732 - 66.952)/44.01 

+ 0.4(49.019 - 57.605)/18.015 ] 

= -0.344 Btu/s-R 

The entropy generation rate cannot be estimated unless the average T at which 
the heat transfer leaves the control volume is known. 
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A mixture of 60% helium and 40% nitrogen by mole enters a turbine at 150 
lbf/in. , 1500 R at a rate of 4 lbm/s. The adiabatic turbine has an exit pressure of 
15 lbf/in. and an isentropic efficiency of 85%. Find the turbine work. 

Assume ideal gas mixture and take CV as turbine. 

Energy Eq. ideal turbine: w = h . - h , 

i s i es 

Entropy Eq. ideal turbine: s = s. => T = T.(P /P./ k ' iyk 

1 es i es i v e r 

Properties from Eq. 11.23, 11.15 and 6.23 

C D . =0.6x 1.25x 4.003 +0.4x 0.248x 28.013 = 5.7811 Btu/lbmol R 

P mix 

(k-l)/k = R/C p mix = 1545/(5.7811x778) = 0.3435 
M . = 0.6 x 4.003 + 0.4 x 28.013 = 13.607, 

mix 

C D = CJM . = 0.4249 Btu/lbm R 

P P mix 

T e = 1500 R (15/150) 0 ' 3435 = 680 R, 
w T =CL(T.-T ) = 348.4 Btu/lbm 

Ts P v l es 7 

Then do the actual turbine 

w_ =iiw T = 296.1 Btu/lbm; W = mw T =1184Btu/s 

1 2C IS IS 
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A tank has two sides initially separated by a diaphragm. Side A contains 2 lbm of 

water and side B contains 2.4 lbm of air, both at 68 F, 14.7 lbf/in. . The 
diaphragm is now broken and the whole tank is heated to 1 100 F by a 1300 F 
reservoir. Find the final total pressure, heat transfer, and total entropy generation. 

C.V. Total tank out to reservoir. 

Energy Eq.3.5: U 2 - U , = m a (u 2 - + m v (u 2 - u^ = : Q 2 

Entropy Eq.6.37: 

S 2 - Si = m a (s 2 - Si) a + m v (s 2 - Si) v = iQ 2 /T res + S gen 
V = V . + V = m v , + m v . = 0.0321 + 31.91 1 = 31.944 ft 3 

2 A B v vl a al 

Water: Uj = 36.08 Btu/lbm, Sj = 0.0708 Btu.lbm R, 
v . = V /m = 15.9718, T^ => Table F.7.2 = 58.7 lbf/in 2 

V2 2 V 2 2v 

u 1 = 1414.3 Btu/lbm, s 2 = 2.01 1 Btu/lbm R 
Air: Uj = 90.05 Btu/lbm, u 9 = 278.23 Btu/lbm, 

s T1 = 1.6342 Btu/lbm R, s T2 = 1.9036 Btu/lbm R 
v 0 = V /m = 13.3098, T_ => = mRT 0 /V^ = 43.415 lbf/in 2 

az z a z Za z z 

P 2tot = P 2v + P 2a = 102 ^ 

jQ 0 = 2(1414.3 - 36.08) + 2.4(278.23 - 90.05) = 3208 Btu 

S gen = 2(2.011 - 0.0708) + 2.4[1.9036 - 1.6342 

53.34 43.415 3208 

- 77g x ln( U 7 )]- 176Q 

= 3.8804 + 0.4684 - 1.823 = 2.526 Btu/R 



1300 F 
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A 1 lbm/s flow of saturated moist air (relative humidity 100%) at 14.7 psia and 
50 F goes through a heat exchanger and comes out at 77 F. What is the exit 
relative humidity and the how much power is needed? 

Solution: 

State 1 : cjq = 1 ; P v = P g = 0.178 psia 

Eq. 11.28: w = 0.622 P v /P a = 0.622 x 0.178/(14.7 - 0.178) = 0.00762 
State 2 : No water added => w 2 = wj => P v2 = P v j 

4>2 = P v2 /P g2 = 0.178/0.464 = 0.384 or 38 % 

Energy Eq.4.10 

• • • 

Q = m 2 h 2 - m , h , = m a ( h 2 - h,) air + wm a ( h 2 - h , ) vapor 

m tot = m a + m v = m a (l + w : ) 

Energy equation with C P air from F.4 and h’s from F.7.1 

Q = TT^ C P air (77 - 50) + W (h g2 - h gl ) 

1 lx 0.00762 

= 10Q762 x 0-24 (77 - 50) + ! Q0762 0090-73 - 1083.29) 

= 6.431 +0.0563 = 6.49 Btu/s 


1 
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If I have air at 14.7 psia and a)15F b)115F and c) 230 F what is the 
maximum absolute humidity I can have? 

Humidity is related to relative humidity (max 100%) and the pressures as in 
Eq.11.28 where from Eq.l 1.25 P v = O P„ and P a = P tot - P v . 

p v ®P g 

(u = 0.622 -jr = 0.622- 

r a r tot ^ r g 


0.03963 

a) P g = 0.03963 psia, co = 0.622 x ^4 7 . q 03963 = 68 

1.4855 

b) P g = 1.4855 psia , 03 = 0.622 x = 0.070 

c) P g = 20.781 psia, no limit on 03 for P > 14.7 psia 
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Consider a volume of 2000 ft that contains an air- water vapor mixture at 14.7 

lbf/in. , 60 F, and 40% relative humidity. Find the mass of water and the humidity 
ratio. What is the dew point of the mixture? 

Air-vap P = 14.7 lbf/in. 2 , T = 60 F, (j) = 40% 

P g = P sat60 = 0.256 lbf/in. 2 


P v = (|> P a = 0.4 x 0.256 = 0.1024 lbf/in. 2 

P v V 0.1024 psi x!44 in 2 /ft 2 x 2000 ft 3 


m vi - R T 


85.76 lbf-ft/lbm-R x 520 R 


= 0.661 lbm 


p a = P to t- Pvi = 14.7 - 0.1024 = 14.598 lbf/in. 
P a V 14.598 psi x 144 in 2 /ft 2 x 2000 ft 3 


a 

m a = R T 

a 


53.34 lbf-ft/lbm-R x 520 R 


= 151.576 lbm 


m v 0.661 


w, = 


1- m “ 151.576 


= 0.00436 


T dew is T when P a (T dew ) = 0. 1024 lbf/in. 2 ; T = 35.5 F 
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Consider a 35 ft /s flow of atmospheric air at 14.7 psia, 77 F and 80% relative 
humidity. Assume this flows into a basement room where it cools to 60 F at 14.7 
psia. How much liquid will condense out? 


Solution: 

State 1: P„ = P sat77 = 0.464 psia => P v = cj) P g = 0.8 x 0.464 = 0.371 psia 

P v V 0,371 psi x 144 in 2 /ft 2 x 35 ft 3 /s „ , 

mvl _ R V T “ 85.76 lbf-ft/lbm-R x 536.67 R “ °- 0406 lbm/s 

m v i P v i 0.371 

W! = = 0.622^— =0.622 14? Q371 = 0.0161 

m A1 A1 


™A1 



0.0406 

0.0161 


= 2.522 lbm/s = m^ 


(continuity for air) 


Check for state 2: 

P g60F = 0-256 psia < P vl 
so liquid water out. 



State 2 is saturated (j) 2 = 100% , P v2 = P g 2 = 0.256 psia 

p v2 0.256 

w 2 - 0.622 - 0.622 14 y _ Q 256 - 0.01 10 

m v2 = w 2 m A2 = 0-01 10 x 2.522 = 0.0277 lbm/s 
riiiiq = m vl - m v2 = 0.0406 - 0.0277 = 0.0129 lbm/s 


Note that the given volume flow rate at the inlet is not that at the exit. The 
mass flow rate of dry air is the quantity that is the same at the inlet and exit. 
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3 2 

Consider a 10-ft rigid tank containing an air-water vapor mixture at 14.7 lbf/in. , 

90 F, with a 70% relative humidity. The system is cooled until the water just 
begins to condense. Determine the final temperature in the tank and the heat 
transfer for the process. 

P vl = <(>P G1 = 0.7 x 0.6988 = 0.489 lbf/in 2 
Since m = const & V = const & also P = P • 

v v G2 


F° rT 2 

F° rT 2 


= P .xTJT. = 0.489xT /549.7 

vl 2 1 2 

= 80 F: 0.489x539.7/549.7 = 0.4801 * 0.5073 

= 70 F: 0.489x529.7/549.7 = 0.4712 * 0.3632 


( = P G at 80 F ) 
( = P G at 70 F ) 


interpolating — > T, = 78.0 F 




0.489 

°' 622 (14.7-0.489) 


0.0214 


_ P ai v _ 14.211 psi X 144 in 2 /ft 2 x 10 ft 3 _ 
m a “ R T. “ 53.34 lbf-ft/lbm-R x 549.7 R “ °' 698 lbm 

a 1 


Energy Eq.: 


A = U 2 - U 1 = m a( U a2 “ U at> + m >v2 “ U vl) 


= m a [ C v ( T a2- T al) + W l( U v2- U vl)] 

= 0.698 lbm [0.171(78 - 90) + 0.0214(1036.3 - 1040.2)] Btu/lbm 
= 0.698 lbm (-2.135 Btu/lbm) = -1.49 Btu 
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3 2 

A water-filled reactor of 50 ft is at 2000 lbf/in. , 550 F and located inside an 

insulated containment room of 5000 ft that has air at 1 atm. and 77 F. Due to a 
failure the reactor ruptures and the water fills the containment room. Find the final 
pressure. 

CV Total container. 

Energy: m v (u 2 - ui) + m a (u 2 - ui) = iQ 2 - iW 2 = 0 

In itial water: vi = 0.021407 ft-Vlbm, uj = 539.24, m v = V/v = 2335.7 lbm 
In itial air: m a = PV/RT = 14.7 x 4950 x 144/53.34 x 536.67 = 366.04 lbm 

Substitute into energy equation 

2335.7 (u 2 - 539.24) + 366.04 x 0.171 (T 2 - 77) = 0 
u 2 + 0.0268 T 2 = 541 .3 & v 2 = V 2 /m v = 2. 1407 ft 3 /lbm 

Trial and error 2-phase (Tg Uess , v 2 => x 2 => u 2 => LHS) 

T = 300 x 2 = (2. 1407 - 0.01745)/6.4537 = 0.329, u 2 = 542.73 Btu/lbm 
LHS = 550.789 Btu/lbm too large 

T = 290 x 2 = (2. 1407 - 0.01735)/7.4486 = 0.28507, u 2 = 498.27 Btu/lbm 

LHS = 506.05 Btu/lbm too small 

T 2 = 298 L, x 2 = 0.3198, P sat = 65 lbf/in 2 , LHS = 541.5 OK 

4950 x 757.7 ? 

Pa2 = Pal ViT 2 /V 2 Ti = 14.7 psi x 50QQ x 535 67 = 20.55 lbf/in 2 

=> P 2 = P a2 + P sat = 85.55 lbf/in 2 


5000 ft 3 

50 ft 3 
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In the production of ethanol from corn the solids left after fermentation are dried 
in a continuous flow oven. This process generates a flow of 35 lbm/s moist air, 
200 F with 70% relative humidity, which contains some volatile organic 
compounds and some particles. To remove the organic gasses and the particles, 
the flow is send to a thermal oxidicer, see Fig. PI 1.82, where natural gas flames 
brings the mixture to 1500 F. Find the rate of heating by the natural gas burners. 

For this problem we will just consider the heating of the gas mixture and due to 
the exit temperature we will use the ideal gas tables F5 and F6. 


Eq. 11.25: 
Eq.11.28: 

Flow: 


P v = (j) P„ = 0.70 x 1 1 .53 psia = 8.07 psia 
Pv 8.07 

w - 0.622 - 0.622 x u ? _ g Q1 - 0.757 

m tot = m a + m v = m a (l + ®) so 


m 


tot 


CO 


m., = i 

a 1 + co 


= 19.92 lbm/s; m v = m tot ^ + = 15.08 lbm/s 


Process: Heating 


=> co is constant => P v is constant 


For ideal gas the enthalpy does not depend on pressure so the energy equation 
gives the heat transfer as 


Q = m a (h 2 - hj) a + m v (h 2 - h^y 

= 19.92 (493.61 - 157.96) + 15.08 (12779 - 996.45)/l 8.015 
= 6686 + 9863 = 16 549 Btu/s 


Comment: Notice how much energy is spend on heating the water vapor. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


11.177 

To save on natural gas use in the previous problem it is suggested to take and cool 
the mixture and condense out some water before heating it back up. So the flow is 
cooled from 200 F to 120 F as shown in Fig. PI 1 .83 and the now dryer mixture is 
heated to 1500 F. Find the amount of water condensed out and the rate of heating 
by the natural gas burners for this case. 


Eq. 11.25: P v = c() P a = 0.70 x 11.53 psia = 8.07 psia 


Eq. 11.28: co = 0.622 


P - P 

r tot r V 


V 8.07 

= 0.622 x n ^ = 0.757 


14.7-8.07 


Flow: 


m t t = m a + m v = m a (l + co) so 


m 


tot 


CO 


m„ = 1 
a 1 + co 


= 19.92 lbm/s; m v = m tot = 15.08 lbm/s 

-1. ™i 03 


Now cool to 120 F: P g = 1.695 psia < P vl so ^2 = 100%, P v 2 = 1.695 psia 


CO 2 = 0.622 p = 0.622 x ^4 7 _ ^ 695 = 0-08107 


V 

tot - V 


riijiq = m a ( co r co 2 ) = 19.92 (0.757 - 0.08107) = 13.464 lbm/s 


The air flow is not changed so the water vapor flow for heating is 

m v2 = m v l ‘ itt-iiq =15.08 - 13.464 = 1.616 lbm/s 
Now the energy equation becomes 

Q = m a (h 3 - h 2 ) a + m v2 (h 3 - h 2 ) v 

= 19.92 (493.61 - 157.96) + 1.616 (12779 - 996.45)/l 8.015 

= 7743 Btu/s 


Comment: If you solve the previous problem you find this is only 47% of the heat 
for the case of no water removal. 
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11.178 

Two moist air streams with 85% relative humidity, both flowing at a rate of 0.2 
lbm/s of dry air are mixed in a steady flow setup. One inlet flowstream is at 90 F 
and the other at 61 F. Find the exit relative humidity. 

Solution: 

CV mixing chamber. 

Continuity Eq. water: m air wi + m air W 2 = 2m air w ex ; 


Energy Eq.: m air hi + m air h 2 = 2m air h ex 

Properties from the tables and formulas 

Pg 90 = 0.699 ; P v i = 0.85 x 0.699 = 0.594 psia 
Wl = 0.622 x 0.594 / (14.7 - 0.594) = 0.0262 
Pggl = 0.2667 ; P v2 = 0.85 x 0.2667 = 0.2267 psia 
w 2 = 0.622 x 0.2267 / (14.7 - 0.2267) = 0.00974 
Continuity Eq. water: w ex = (wj + w 2 )/2 = 0.018 ; 

For the energy equation we have h = h a + wh v so: 

2 hex - hi - h 2 = 0 = 2h a ex - h a j - h a 2 + 2w ex h v ex - wih v i - wh v 2 
we will use constant heat capacity to avoid an iteration on T ex . 

C p air( 2T ex " T 1 - T 2 ) + C p H2C)( 2w ex T ex " W 1 T 1 ' W 2 T 2) = 0 

T ex = [ C p air( T l + T 2) + C p H2o( w l T l + W 2 T 2) V t 2C p air + 2w ex C p H2o] 

= [ 0.24 (90 + 61) + 0.447(0.0262 x 90 + 0.00974 x 61]/0.4961 
= 75.7 F 


w ex 

Py ex “ 0.622 + w ex Ptot 
P g ex = 0.445 psia => 


0.018 

0.622 + 0.018 147 
(j) = 0.413 / 0.445 


= 0.413 psia, 

= 0.93 or 93% 
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11.179 

A flow of moist air from a domestic furnace, state 1 in Figure PI 1.100, is at 
120 F, 10% relative humidity with a flow rate of 0.1 lbm/s dry air. A small electric 
heater adds steam at 212 F, 14.7 psia generated from tap water at 60 F. Up in the 
living room the flow comes out at state 4: 90 F, 60% relative humidity. Find the 
power needed for the electric heater and the heat transfer to the flow from state 1 
to state 4. 



State 1: F.7.1: P gl = 1.695 psia, h gl = 1113.54 Btu/lbm 

P vl = cj) P gl = 0.1 x 1.695 = 0.1695 psia 
Pvl 0.1695 

Wi = 0.622 7, 5 = 0.622 rTT^oT = 0.00726 

1 r tot “ lyi 14. / — U.lobO 

Starte 2: h f = 28.08 Btu/lbm; State 2a: h g 212 = 1150.49 Btu/lbm 

State 4: P g4 = 0.699 psia, h g4 = 1 100.72 Btu/lbm 

P v4 = (f) P g4 = 0.6 x 0.699 = 0.4194 psia 
P V 4 0.4194 

w 4 - 0.622 p tot _ - 0.622 14J _ 0 4194 - 0-0183 

m liq = m a (coj - co 4 ) = 0.1 (0.0183 - 0.00726) = 0.0011 lbm/s 
Energy Eq. for heater: 

Qheater = m liq ( h out “ h in) = 0.001 1 (1 150.49 - 28.08) 

= 1.235 Btu/s = 1.17 kW 
Energy Eq. for line (excluding the heater): 

• • • 

Qline = m a ( h a4 + w 4 h g4 “ h al “ w l h gl) “ m liq h g 212 

= 0.1[ 0.24(90 - 120) + 0.0183 x 1100.72 - 0.00726 x 1113.54 ] 
-0.0011 x 1150.49 


= -0.78 Btu/s 
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11.180 

Atmospheric air at 95 F, relative humidity of 10%, is too warm and also too dry. 
An air conditioner should deliver air at 70 F and 50% relative humidity in the 

amount of 3600 ft per hour. Sketch a setup to accomplish this, find any amount 
of liquid (at 68 F) that is needed or discarded and any heat transfer. 

CV air conditioner. Check first the two states, inlet 1, exit 2. 

In: Pgi = 0.8246 psia, h g i = 1102.9 Btu/lbm, hf^8 = 36.08 Btu/lbm, 

Pvt = (j)i Pgi = 0.08246 psia, wi = 0.622 P v l/(Ptot-Pvl) = 0.0035 
Ex: P g 2 = 0.36324 psia, h g 2 = 1092 Btu/lbm 
Pv2 = <t>2 Pg2 = 0.1816 psia, W2 = 0.622 P V 2/(Ptot-Pv2) = 0.00778 
Water must be added ( W 2 > wj). Continuity and energy equations 

m A (l + wi) + m liq = m A (l + w 2 ) & m A hi m i x + m liq h f + Q cv = m A h 2m ix 

m tot = PV to t/RT = 14.7x3600x144/53.34x529.67 = 270 lbm/h 

m A = m tot /(l + W 2 ) = 267.91 lbm/h 

ihiiq = m A (w 2 - wi) = 267.91(0.00778 - 0.0035) = 1.147 lbm/h 

Qcv = m A [C p a (T 2 - Ti) + w 2 h g2 - wih g i] - ni| iq h t ; 68 

= 267.91 [ 0.24(70 - 95) + 0.00778 x 1092 - 0.0035 x 1102.9] 

- 1.147 x 36.08 

= - 406.8 Btu/li 


Liquid water 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


Borgnakke and Sonntag 


11.181 

A commercial laundry runs a dryer that has an exit flow of 1 lbm/s moist air at 
120 F, 70% relative humidity. To save on the heating cost a counterflow stack 
heat exchanger is used to heat a cold water line at 50 F for the washers with the 
exit flow, as shown in Fig. PI 1.105. Assume the outgoing flow can be cooled to 
70 F. Is there a missing flow in the figure? Find the rate of energy recovered by 
this heat exchanger and the amount of cold water that can be heated to 85 F. 

Dryer oulet, 1: 120 F, ® = 70% 

=> h gl = 1113.54 Btu/lbm 

Pgj = 1.695 psia, 

P vl = 0.7 x 1.695 psia = 1.1865 psia 

0.622 x 1,1865 
® 1 - 14.7 - 1.1865 -°- 0546 

State 2: T 2 < T dew x ~ 107 F so ® 2 = 100%. P g2 = 0.363 psia, h g2 = 1092.04 
Btu/lbm 

he = 38.09 Btu/lbm, co 2 = 0.622 x 0.363/(14.7 - 0.363) = 0.01575 

Continuity Eq. water 1-2 line: m a oq = m a oq + mii q ; mii q = m a (oq - co 2 ) 

The mass flow rate of dry air is 

m a = rn moist air /(I + ro l) = 1 lbm/s /(I + 0.0546) = 0.948 lbm/s 
The heat out of the exhaust air which also equals the energy recovered becomes 

Qcv = m a [ C p a(Ti - T 2 ) + cq h gl - (oq - co 2 ) h^ - co 2 h g2 ] 

= 0.948 [0.24(120 - 70) + 0.0546 x 1 1 13.54 - 0.03885 x 38.09 
- 0.01575 x 1092.04] 

= 0.948 lbm/s x 54.12 Btu/lbm = 51.3 Btu/s 

miiq = Qcv / ( Cp Uq AT Uq ) = 51.3 / [1.0 (85 - 50)] = 1.466 lbm/s 
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11.182 

An indoor pool evaporates 3 lbm/h of water, which is removed by a dehumidifier 
to maintain 70 F, ® = 70% in the room. The dehumidifier is a refrigeration cycle 
in which air flowing over the evaporator cools such that liquid water drops out, 
and the air continues flowing over the condenser, as shown in Fig. PI 1.107. For 
an air flow rate of 0.2 lbm/s the unit requires 1.2 Btu/s input to a motor driving a 
fan and the compressor and it has a coefficient of performance, [1 = Q L /W c = 2.0. 

Find the state of the air after the evaporator, 73, C02, ( f ) 2 and the heat rejected. Find 
the state of the air as it returns to the room and the compressor work input. 

The unit must remove 3 lbm/h liquid to keep steady state in the room. As 
water condenses out state 2 is saturated. 

1: 70 F, 70% => Pgi = 0.363 psia, h g i = 1092.0 Btu/lbm, 

Pvt = (j)i Pgi = 0.2541 psia, wi = 0.622 P v l/(Ptot-Pvl) = 0.01094 

CV 1 to 2: miiq = m a ( w l - W2) => W2 = wi - mii q /m a 
q L = hi - h 2 - (W! - w 2 ) hf2 
w 2 = 0.01094 - 3/(3600 x 0.2) = 0.006774 

14.7x 0.006774 

Pv2 = P g 2 = Ptot W2 /(0.622 + w 2 ) = q 6 28774 = °- 1584 P sia 

Table F.7.1: T2 = 46.8 F hf2 = 14.88 btu/lbm, h g 2 = 1081.905 Btu/lbm 

q L = 0.24(70 - 46.8) + 0.01094 xl092 - 0.006774 x 108 1.905 
- 0.00417 xl4.88 = 10.12 Btu/lbm dry air 

W c = m a qL / P = 1 Btu/s 
CV Total system : 

h 3 - hi = W e i/m a - (W1-W2) hf = 1.2/0. 2 - 0.062 = 5.938 Btu/lbm dry air 
= C p a (T 3 - Ti) + W2h v3 - wihyi 
Trial and error on T 3 

3: w 3 = W2, h 3 => T 3 = 112F, P g3 = 1.36 psia, P v3 = P v 2 = 0.1584 
<tB = Pv3/Pg3 = 0.12 or (j >3 = 12% 
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11.183 

To refresh air in a room, a counterflow heat exchanger is mounted in the wall, as 
shown in Fig. PI 1.122. It draws in outside air at 33 F, 80% relative humidity and 
draws room air, 104 F, 50% relative humidity, out. Assume an exchange of 6 
lbm/min dry air in a steady flow device, and also that the room air exits the heat 
exchanger to the atmosphere at 72 F. Find the net amount of water removed from 
room, any liquid flow in the heat exchanger and ( T , (j)) for the fresh air entering the 
room. 

State 3: P g 3 = 1.0804 psia, h g 3 = 1 106.73 Btu/lbm, 

Pv 3 = <t >3 Pg 3 = 0.5402, w 3 = 0.622 P v 3 /(Ptot-Pv 3 ) = 0.02373 

The room air is cooled to 72 F < T t | cw l = 82 F so liquid will form in the exit 

flow channel and state 4 is saturated. 

4: 72 F, (j) = 100% => P g4 = 0.3918 psia, h g4 = 1092.91 Btu/lbm, 
w 4 = 0.017, hf 4 = 40.09 Btu/lbm 
1: 33 F, (j) = 80% => P g i = 0.0925 psia, h g i = 1075.83 Btu/lbm, 

P v i = <()i P g i = 0.074 psia, wi =0.00315 

CV 3 to 4: m | jq 4 = m a (W 3 - w 4 ) = 6 (0.02373 - 0.017) = 0.04 lbm/min 

CV room: m v ,out = m a (w 3 - w 2 ) = rh a (W 3 - wi) 

= 6(0.02373 - 0.00315) = 0.1235 lbm/min 

CV Heat exchanger: m a (h 2 - hi) = m a (h 3 - h 4 ) - mii q hf 4 

C p a (T 2 — Ti) + w 2 h v2 - wihyi = C p a (T 3 -T 4 ) + w 3 h v 3 - w 4 h v4 - (w 3 -w 4 ) h f4 

0.24(T 2 -33) + w 2 h v2 - 3.3888 = 0.24(104-72) + 26.2627 - 18.5795 - 0.2698 
0.24 T 2 + 0.00315 h v2 = 26.402 btu/lbm 
Trial and error on T 2 : T 2 = 95.5 F, P g2 = 0.837 psia, P v2 = P v j 

4> = P V 2 / P g 2 = 0.074 / 0.837 = 0.088 or $ = 9% 
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Review Problems 
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11.184 

9 

Weighing of masses gives a mixture at 80 F, 35 lbf/in. with 1 lbm O 2 , 3 lbm N 2 
and 1 lbm CH 4 . Find the partial pressures of each component, the mixture specific 
volume (mass basis), mixture molecular weight and the total volume. 

From Eq. 1 1.4: = (irq /M|) / Z mj/Mj 

n tot = Z mj/Mj = (1/31.999) + (3/28.013) + (1/16.04) 

= 0.031251 + 0.107093 + 0.062344 = 0.200688 
y 02 = 0.031251/0.200688 = 0.1557, y N2 = 0.107093/0.200688 = 0.5336, 

y CH4 = 0.062344/0.200688 = 0.3107 
From Eq. 1 1.10: 

P 02 = Yo2 Ptot = 0.1557 x 35 = 5.45 lbf/in. 2 , 

P N2 = y N2 P to t = 0.5336 x 35 = 18.676 lbf/in. 2 , 
p CH4 = YCH4 Ptot = 03107 X 35 = 10.875 lbf/in. 2 

V t0 t = n tot RT/P = 0.200688 x 1545 x 539.7 / (35 x 144) = 33.2 ft 3 

v = V tot /m tot = 33.2 / (1 + 3 + 1) = 6.64 ft 3 /lbm 
From Eq.l 1.5: 

M mjx = Z yjMj = m tot /n tot = 5/0.200688 = 24.914 lbm/lbmol 
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11.185 

A mixture of 50% carbon dioxide and 50% water by mass is brought from 2800 

R, 150 lbf/in. to 900 R, 30 lbf/in. in a polytropic process through a steady flow 
device. Find the necessary heat transfer and work involved using values from F.4. 

Process Pv n = constant leading to 

n InCv/Vj) = lntPj/P^; v = RT/P 

n = ln( 150/30) / ln(900 x 150/30 x 2800) =3.3922 
R . = Ec.R. = (0.5 x 35.1 + 0.5 x 85.76)/778 = 0.07767 Btu/lbm R 

mix i l v 7 


C D . = Ec.CL. = 0.5 x 0.203 + 0.5 x 0.445 = 0.324 Btu/lbm R 

P mix l Pi 


Work is from Eq.7.18: 

n 


nR 


w 


= - fvdP = -— r(P v - P.v.) = — 7 (T -T.) 

J n-1 e e l V n-1 e v 

3.3922 x 0.07767 Btu 

2.3922 (900-2800) - 209.3 lbm 


Heat transfer from the energy equation 

q = h - h. + w = CAT - T.) + w = -406.3 Btu/lbm 

^ e i P v e r 
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11.186 

A large air separation plant takes in ambient air (79% N 2 , 21% O 2 by volume) at 

9 

14.7 lbf/in. , 70 F, at a rate of 2 lb mol/s. It discharges a stream of pure 0 2 gas at 

30 lbf/in. 2 , 200 F, and a stream of pure N 2 gas at 14.7 lbf/in. 2 , 70 F. The plant 

operates on an electrical power input of 2000 kW. Calculate the net rate of 
entropy change for the process. 


Air 79 % N., 
21 % 0 9 
Pj = 14.7 psia 
T =70F 


n } = 2 lbmol/s 




3 


pure O 2 
pure N 2 


-W IN = 2000 kW 


P 2 = 
T 2 = 
P 3 = 

T, = 


30 psia 
200 F 
14.7 psia 
70 F 


• _ • _ • _ 


• Q(3V . _ Q(2V 

Sgen = - + . n.As. = - -^r- + (n 2 s 2 + n 3 § 3 - n^) 

The energy equation, Eq.4.10 gives the heat transfer rate as 

Q cv = SnAh. + W cv = n Q ^C po 0 ^(T 2 -T ] ) + n N ^C pQ ^(Tg-Tj) + W cy 

= 0.21x2x[32x 0.213 x (200 - 70)] + 0 - 2000 x 3412/3600 
= +382.6 - 1895.6 = -1513 Btu/s 
Use Eq.6.16 (see page 295 also) for the entropy change 

30 


r 660 1545 

Sn.As. = 0.21x2[32x0.2191n7^T-^7Tln 


1 1 


530 778 0.21x14.7 


] 


r 1545 

+ 0.79x2 [O-^tt In 


14.7 


S - + 

°gen “ T 


778 0.79x14.7 

= -1.9906 Btu/Rs 
1513 


] 


530 


- 1.9906 = 0.864 Btu/Rs 
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11.187 


1 

Ambient air is at a condition of 14.7 lbf/in. , 95 F, 50% relative humidity. A 

steady stream of air at 14.7 lbf/in. , 73 F, 70% relative humidity, is to be produced 
by first cooling one stream to an appropriate temperature to condense out the 
proper amount of water and then mix this stream adiabatically with the second 
one at ambient conditions. What is the ratio of the two flow rates? To what 
temperature must the first stream be cooled? 

P i = P 2 = P 5 = 14.7 lbf/in 2 



T ( = T-, = 95 F 
^ = <t > 2 = 0.50, c> 4 = 1-0 

T 5 = 73 F, <|> 5 = 0.70 
0.4123 

P = P = 0.5x0.8246 = 0.4123, w = w = 0.622x. . _ n = 0.0179 
Vl v2 ’12 14.7-0.4123 

0.2845 

P v5 = 0.7x0.4064 = 0.2845 => w 5 = 0.622x 14 7 _ Q 2g45 = 0.0123 

MIX: Call the mass flow ratio r = m a2 /m al 

Conservation of water mass: W| + rw 4 = (l + r)w 5 

Energy Eq.: h al + Wjh vl + rh a4 + rw 4 h v4 = (1 + r)h a5 + (1 + r)w 5 h v5 

-> 0.0179 + rw 4 = (1 +r) 0.0123 


or 


0.0179-0.0123 
r = 77777777 , , with 


G4 


W 


4 - 0.622 x 


or 


0.0123-W4 i t +./-rQ4 

0.24x555 + 0.0179 x 1 107.2 + r x 0.24 x T 4 + rw 4 h v4 

= (1 + r) x 0.24 x 533 + (1 + r) x 0.0123 x 1093.3 

r[o.24 x T 4 + w 4 h G4 - 141.4] + 11.66 = 0 


Assume T. = 40 F — > P„. = 0.121 66 psia, h„. = 1078.9 Btu/lbm 

4 Cj4 a Cj4 

0.121 66 

w 4 - 0.622 x 14 _ 7 . 0 _ 12 i 66 ” °- 0052 


m a2 _ 0,0179-0.0123 
m al “ 0.0123-0.0052 


= 0.7887 


0.7887[0.24x500 + 0.0052x1078.9- 14E4] + 11.66 = -0.29 * 0 OK 
=> T 4 = 40F 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful 


V 

Borgnakke Sonntag 

V 

/ 

— ^ 

Fundamentals of 
Thermodynamics 

\ 

SOLUTION MANUAL 


CHAPTER 12 


A 

V - 

> o 


Updated June 2013 




Borgnakke and Sonntag 


Fundamentals of Thermodynamics 8 Edition 
Borgnakke and Sonntag 

CONTENT CHAPTER 12 

SUBSECTION PROB NO. 


In-Text concept questions 

a-f 

Study guide problems 

1-15 

Clapeyron equation 

16-33 

Property Relations, Maxwell, and those for 
Enthalpy, internal Energy and Entropy 

34-43 

Volume Expansivity and Compressibility 

44-59 

Equations of State 

60-81 

Generalized Charts 

82-120 

Mixtures 

121-133 

Helmholtz EOS 

134-138 

Review problems 

139-148 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


The following table gives the values for the compressibility, enthalpy departure and the 
entropy departure along the saturated liquid-vapor boundary. These are used for all the 
problems using generalized charts as the figures are very difficult to read accurately 
(consistently) along the saturated liquid line. It is suggested that the instructor hands out 
copies of this page or let the students use the computer for homework solutions. 


T 

r 

P 

r 

Z f 

z a 

d(h/RT) f 

d(h/RT) g 

d(s/R) f 

d(s/R) g 









0.96 

0.78 

0.14 

0.54 

3.65 

1.39 

3.45 

1.10 

0.94 

0.69 

0.12 

0.59 

3.81 

1.19 

3.74 

0.94 

0.92 

0.61 

0.10 

0.64 

3.95 

1.03 

4.00 

0.82 

0.90 

0.53 

0.09 

0.67 

4.07 

0.90 

4.25 

0.72 

0.88 

0.46 

0.08 

0.70 

4.17 

0.78 

4.49 

0.64 

0.86 

0.40 

0.07 

0.73 

4.26 

0.69 

4.73 

0.57 

0.84 

0.35 

0.06 

0.76 

4.35 

0.60 

4.97 

0.50 

0.82 

0.30 

0.05 

0.79 

4.43 

0.52 

5.22 

0.45 

0.80 

0.25 

0.04 

0.81 

4.51 

0.46 

5.46 

0.39 

0.78 

0.21 

0.035 

0.83 

4.58 

0.40 

5.72 

0.35 

0.76 

0.18 

0.03 

0.85 

4.65 

0.34 

5.98 

0.31 

0.74 

0.15 

0.025 

0.87 

4.72 

0.29 

6.26 

0.27 

0.72 

0.12 

0.02 

0.88 

4.79 

0.25 

6.54 

0.23 

0.70 

0.10 

0.017 

0.90 

4.85 

0.21 

6.83 

0.20 

0.68 

0.08 

0.014 

0.91 

4.92 

0.18 

7.14 

0.17 

0.66 

0.06 

0.01 

0.92 

4.98 

0.15 

7.47 

0.15 

0.64 

0.05 

0.009 

0.94 

5.04 

0.12 

7.81 

0.12 

0.60 

0.03 

0.005 

0.95 

5.16 

0.08 

8.56 

0.08 

0.58 

0.02 

0.004 

0.96 

5.22 

0.06 

8.97 

0.07 

0.54 

0.01 

0.002 

0.98 

5.34 

0.03 

9.87 

0.04 

0.52 

0.0007 

0.0014 

0.98 

5.41 

0.02 

10.38 

0.03 
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In-Text Concept Questions 
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12.a 

Mention two uses of the Clapeyron equation. 

If you have experimental information about saturation properties down to 
a certain temperature Clapeyron equation will allow you to make an intelligent 
curve extrapolation of the saturated pressure versus temperature function PsatCD 
for lower temperatures. 

From Clapeyrons equation we can calculate a heat of evaporation, heat of 
sublimation or heat of fusion based on measurable properties P, T and v. The 
similar changes in entropy are also obtained since 

hfg Tsfg, htf Tsjf, hjg Ts^ 
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12.b 

If I raise the temperature in a constant pressure process, does g go up or down? 

From the definition and variation in Gibbs function, see Eq.12.15 and Maxwells 
relation Eq. 12.21 last one, we get 

dg = -s dT 

so Gibbs function decreases as temperature increases. 
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12.c 

If I raise the pressure in an isentropic process, does h go up or down? Is that 
independent upon the phase? 

Tds = 0 = dh - vdP , so h increases as P increases, for any phase. The 
magnitude is proportional to v (i.e. large for vapor and small for liquid and 
solid phases) 
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12.d 

If I raise the pressure in a solid at constant T, does 5 go up or down? 

In Example 12.4, it is found that change in s with P at constant T is negatively 
related to volume expansivity (a positive value for a solid), 

ds T = - v a P dP T 
so raising P decreases s. 
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12.e 

What does it imply if the compressibility factor is larger than 1? 

A compressibility factor that is greater than one comes from domination of 
intermolecular forces of repulsion (short range) over forces of attraction (long 
range) - either high temperature or very high density. This implies that the density 
is lower than what is predicted by the ideal gas law, the ideal gas law assumes the 
molecules (atoms) can be pressed closer together. 

12.f 

What is the benefit of the generalized charts? Which properties must be known 
besides the charts themselves? 

The generalized charts allow for the approximate calculations of enthalpy 
and entropy changes (and P,v,T behavior), for processes in cases where specific 
data or equation of state are not known. They also allow for approximate phase 
boundary determinations. 

It is necessary to know the critical pressure and temperature, as well as 
ideal-gas specific heat. 
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Concept-Study Guide Problems 
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12.1 

The slope dP/dT of the vaporization line is finite as you approach the critical 
point, yet h la and v fa both approach zero. How can that be? 


The slope is 


dP'| _ h|„ 

dVsat ” Tv fg 


Recall the math problem what is the limit of f(x)/g(x) when x goes 
towards a point where both functions f and g goes towards zero. A finite limit for 
the ratio is obtained if both first derivatives are different from zero so we have 

dP/dT -> [dh fg /dT] / d(Tv fg )/dT as T — » T c 
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12.2 

In view of Clapeyron’s equation and Fig. 2.4, is there something special about ice 
I versus the other forms of ice? 

Yes. The slope of the phase boundary dP/dT is negative for ice I to liquid 
whereas it is positive for all the other ice to liquid interphases. This also means 
that these other forms of ice are all heavier than liquid water. The pressure must 
be more than 200 MPa « 2000 atm so even the deepest ocean cannot reach that 
pressure (recall about 1 atm per 10 meters down). 
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12.3 

If we take a derivative as (dP/3T) v in the two-phase region, see Figs. 2.7 and 2.8, 
does it matter what v is? How about T? 

In the two-phase region, P is a function only of T, and not dependent on v. 
The slope is the same at a given T regardless of v. The slope becomes 
higher with higher T and generally is the highest near the critical point. 
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12.4 

Sketch on a P-T diagram how a constant v line behaves in the compressed liquid 
region, the two-phase L-V region and the superheated vapor region? 




The figures are for water where liquid is denser than solid. 
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12.5 

If I raise the pressure in an isothermal process does h go up or down for a liquid 
or solid? What do you need to know if it is a gas phase? 

dh dv 

Eq. 12.25: (^) T = v - T (^) p = v[l - Ta p ] 

Liquid or solid, a p is very small, h increases with P ; 

For a gas, we need to know the equation of state. 


12.6 


The equation of state in Example 12.3 was used as explicit in v. Is it explicit in P? 


Yes, the equation can be written explicitly in P. 

RT 

P = - 


v + 


T 3 
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12.7 

Over what range of states are the various coefficients in Section 12.5 most useful? 

For solids or liquids, where the coefficients are essentially constant over a 
wide range of P’s and T’s. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.8 

For a liquid or a solid is v more sensitive to T or P? How about an ideal gas? 

For a liquid or solid, v is much more sensitive to T than P. 

For an ideal gas, v = RT/P , varies directly with T, inversely with P. 

12.9 

Most equations of state are developed to cover which range of states? 

Most equations of state are developed to cover the gaseous phase, from 
low to moderate densities. Many cover high-density regions as well, including 
the compressed liquid region. To cover a wider region the EOS must be more 
complex and usually has many terms so it is only useful on a computer. 
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12.10 

Is an equation of state valid in the two-phase regions? 

No. In a two-phase region, P depends only on T. There is a discontinuity 
at each phase boundary. It is actually difficult to determine the phase boundary 
from the EOS. 


12.11 

As P — > 0, the specific volume v — > oo. For P — » oo, does v — > 0? 

At very low P, the substance will be essentially an ideal gas, Pv = RT, so 
that v becomes very large. However at very high P, the substance eventually must 
become a solid, which cannot be compressed to a volume approaching zero. 
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12.12 

Must an equation of state satisfy the two conditions in Eqs. 12.49 and 12.50? 

It has been observed from experimental measurements that substances do 
behave in that manner. If an equation of state is to be accurate in the near-critical 
region, it would have to satisfy these two conditions. 

If the equation is simple it may be overly restrictive to impose these as it 
may lead to larger inaccuracies in other regions. 
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12.13 

At which states are the departure terms for h and s small? What is Z there? 

Departure terms for h and s are small at very low pressure or at very high 
temperature. In both cases, Z is close to 1 and this is the ideal gas region. 
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12.14 

The departure functions for h and s as defined are always positive. What does that 
imply for the real substance h and s values relative to ideal gas values? 

Real-substance h and s are less than the corresponding ideal-gas values. 
This is true for the range shown in the figures, P r < 10. For higher P the isotherms 

do bend down and negative values are possible. 

Generally this means that there are slightly attractive forces between the 
molecules leading to some binding energy that shows up as a negative potential 
energy (thus smaller h and u) and it also give a little less chaos (smaller s) due to 
the stronger binding as compared to ideal gas. When the pressure becomes large 
the molecules are so close together that the attractive forces turns into repulsive 
forces and the departure terms are negative. 
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12.15 

What is the benefit of Kay’s rule versus a mixture equation of state? 

Kay’s rule for a mixture is not nearly as accurate as an equation of state 
for the mixture, but it is very simple to use and it is general. For common 
mixtures new mixture EOS are becoming available in which case they are 
preferable for a greater accuracy in the calculation. 
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Clapeyron Equation 
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12.16 

An approximation for the saturation pressure can be In P sat = A - B/T, where A 

and B are constants. Which phase transition is that suitable for, and what kind of 
property variations are assumed? 


Clapeyron Equation expressed for the three phase transitions are shown in Eqs. 
12.5-12.7. The last two leads to a natural log function if integrated and ideal gas 
for the vapor is assumed. 

dPsat hevap 
dT = Psat RT 2 

where h evap is either h fg or h ig . Separate the variables and integrate 

p s!n dPsat = h evap R ‘‘ T ‘ 2 d T 

In P sat = A - B/T ; B = h evap R 1 

if we also assume h evap is constant and A is an integration constant. The function 
then applies to the liquid-vapor and the solid-vapor interphases with different 
values of A and B. As h evap is not excactly constant over a wide interval in T it 

means that the equation cannot be used for the total domain. 
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12.17 

Verify that Clapeyron’s equation is satisfied for R-410A at 10°C in Table B.4. 


Clapeyron Eq.: 


dPsat dPg hfg 
dT = dT = Tvfg 


B.4: P = 1085.7 kPa, h fg = 208.57 kJ/kg, v fg = 0.02295 m 3 /kg 


Slope around 10°C best approximated by cord from 5 U C to 15 U C 


o, 


: 0 , 


dP e 1255.4-933.9 


dT 

11 fc _ 

Tv fg “283. 15 x 0.02295 


15-5 

208.57 


= 32.15 kPa/K, 


= 32.096 kPa/K 


This fits very well. Use CATT3 to do from 9 to 1 1°C for better approximation 
as the saturated pressure is very non-linear in T. 
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12.18 

In a Carnot heat engine, the heat addition changes the working fluid from 
saturated liquid to saturated vapor at T, P. The heat rejection process occurs at 
lower temperature and pressure (T - AT), (P - A P). The cycle takes place in a 
piston cylinder arrangement where the work is boundary work. Apply both the 
first and second law with simple approximations for the integral equal to work. 
Then show that the relation between A P and AT results in the Clapeyron equation 
in the limit AT — > clT. 



q H = Tsf g ; q L = (T-AT)Sfg ; w net = q H - q L = ATs fg 

The boundary movement work, w = f Pdv 

3 4 

W NET = P ( V 2'V + / Pdv + ( P - AP)(V 4 - V 3 ) + f Pdv 

2 1 

Approximating, 

-v 4 ) 

„r/ v 2 +v 3\ / v i +v 4m 
C ollecting terms : W NET ~ AP|^ t 2 ) ' V 2 / J 

(the smaller the AP, the better the approximation) 

AP % 

AT * 1 1 

2(V 2 + V 3 ) -2(Vl +V 4 ) 

In the limit as AT — > 0: v 3 — > v 2 = v g , v 4 — > v 1 = v f 

lim AP _ dP sat _ s fg 
& at^ 0AT _ dT - v fa 


/Pdv * (P-y) (v 3 -v 2 ); 


/ Pdv * (p - y) (vj 
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12.19 

Verify that Clapeyrons equation is satisfied for carbon dioxide at 6°C in Table 
B.3. 


Clapeyron Eq.: 


dPsat dPg hfg 
dT = dT = Tvfg 


B.3: P = 4072.0 kPa, h fg = 211.59 kJ/kg, v fg = 0.00732 m 3 /kg 

Slope around 6°C best approximated by cord from 4°C to 8°C 


dP^ 
dT _ 
11 fa 


4283.1 -3868.8 
8-4 


103.575 kPa/K, 


211.59 kJ/kg 
279.15 x 0.00732 Km3/kg 


103.549 kPa/K 


This fits very well. 
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12.20 

Use the approximation given in problem 12.16 and Table B.l to determine A and 
B for steam from properties at 25°C only. Use the equation to predict the 
saturation pressure at 30°C and compare to table value. 

dP S at o 

In P S at = A - B/T => -j r =P sat (-B)(-T- 2 ) 

so we notice from Eq.12.7 and Table values from B.1.1 and A. 5 that 

hf k _ 2442.3 kJ/kg _ 

B _ R “ 0.4615 kJ/kg-K “ 

Now the constant A comes from the saturation pressure as 


5292 

A = In P sat + B/T = In 3.169 + 273 15 + 25 

o, 


= 18.9032 


Use the equation to predict the saturation pressure at 30 C as 


In P sat = A-B/T= 18.9032 - 


5292 


273.15 +30 


= 1 .4462 


P sat = 4.2469 kPa 


compare this with the table value of P sat = 4.246 kPa and we have a very accurate 
approximation. 
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12.21 

A certain refrigerant vapor enters a steady flow constant pressure condenser at 
150 kPa, 70°C, at a rate of 1.5 kg/s, and it exits as saturated liquid. Calculate the 
rate of heat transfer from the condenser. It may be assumed that the vapor is an 
ideal gas, and also that at saturation, v f « v g . The following quantities are known 

for this refrigerant: 

In P g = 8.15 - 1000/T ; C P = 0.7 kJ/kg K 

with pressure in kPa and temperature in K. The molecular mass is 100. 

Solution: 

Refrigerant: State 1 T ( = 70°C Pj = 150 kPa 
State 2 P 9 = 150 kPa x 9 = 1.0 State 3 P 3 = 150kPa x 3 = 0.0 
Energy Eq.: ,q 3 = h 3 - = (h 3 - h 2 ) + (h 2 - hp = - h fg X3 + C po (T 2 - 

Get the saturation temperature at the given pressure 

In (150) = 8.15 - 1000/T, => T, = 318.5 K = 45.3°C = T 3 
Now get the enthalpy of evaporation h fg T3 

dPg_ji^ _ RT dP, d In P g h fg 

dT _ Tv fg ’ Vf g * v g “ P g ’ dT “ G? dT “ rt 2 § 

d ln p g 0 , 

dT c = + 1000/T 2 = hfg/RT 2 

hf g = 1000 x R = 1000 x 8.3145/100 = 83.15 kJ/kg 
Substitute into the energy equation 

,q 3 = -83.15 + 0.7(45.3 - 70) = -100.44 kJ/kg 

Q CO nd = l-5(- 100.44) = -150.6 kW 
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12.22 

Calculate the values h fg and s fg for nitrogen at 70 K and at 1 10 K from the 

Clapeyron equation, using the necessary pressure and specific volume values 
from Table B.6.1. 

dPg h fg s f g 

Clapeyron equation Eq. 12.7: ^ 

For N 2 at 70 K, using values for P g from Table B.6 at 75 K and 65 K, and also 
v fg at 70 K, 

AP g /76.1-17.41\ 

h fg * T(v g -Vf)^? = 70(0.525 015)f ?5 _ 65 ) = 215.7 kJ/kg 

Sfg = hfg/T = 3 .° 81 kJ/kg K 

Table B.6.1: h fg = 207.8 kJ/kg and s fg = 2.97 kJ/kg K 

Comparison not very close because P„ not linear function of T. Using 71 K & 
69 K from the software, we can then get 

/ 44. 56-33. 24\ 

h fg = 70(0.525 015)1 ^ — — ) = 208.0 kJ/kg 
At 110 K, 

/1938. 8-1084. 2\ 

h fg * 110(0.014 342)f 115 _ 1Q5 — ) = 134.82 kJ/kg 

134.82 

s fg = h f g /T = i |(, = 1-226 kJ/kg K 
Table B.6.1: h fg = 134.17 kJ/kg and s fg = 1.22 kJ/kg K 
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12.23 

Find the saturation pressure for refrigerant R-410A at -80°C assuming it is higher 
than the triple point temperature. 

The lowest temperature in Table B.4 for R-410A is -60°C, so it must be extended 
to -80°C using the Clapeyron Eq. 12.7 integrated as in example 12.1 

Table B.4 at T, = -60°C = 213.15 K: 

Pj = 64.1 kPa, R = 0.1145 kJ/kg-K 

P. _ \ (T ' T i) _ 279.96 (193.15 - 213.15) _ 
ln P 1 "R TxT 1 "0.1145 193.15 x 213.15 

P =64.1 exp(- 1.1878) = 19.54 kPa 
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12.24 

Ammonia at -70°C is used in a special application at a quality of 50%. Assume 

the only table available is B.2 that goes down to -50°C. To size a tank to hold 0.5 
kg with x = 0.5, give your best estimate for the saturated pressure and the tank 
volume. 


To size the tank we need the volume and thus the specific volume. If we do not 
have the table values for v f and v g we must estimate those at the lower T. We 

therefore use Clapeyron equation to extrapolate from -50°C to -70°C to get the 
saturation pressure and thus v g assuming ideal gas for the vapor. 

The values for v f and h f(T do not change significantly so we estimate 
Between -50°C and -70°C: h fg = 1430 kJ/kg 

and at -70°C we get: v f = 0.001375 m 3 /kg 


The integration of Eq. 12.7 is the same as in Example 12.1 so we get 


, *2 
ln p i = 


^ , T 2 ' T 1 , _ 
v r r r r ) ~ 


1430 


-70 + 50 


= -1.2923 


R v T 2 T : 0.4882 203.15 x 223.15 

P 2 = Pj exp(- 1.2923) = 40.9 exp(- 1.2923) = 11.2 kPa 
0.4882 x 203.15 _ 

v g = RT 2 /P 2 = Y\2 = ^-855 in /kg 

v 2 = (1-x) v f + x v g = 0.5 x 0.001375 + 0.5 x 8.855 = 4.428 m 3 /kg 
V 2 = mv 2 = 2.214 m 3 


A straight line extrapolation 
will give a negative pressure. 
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12.25 

Use the approximation given in problem 12.16 and Table B.4 to determine A and 
B for refrigerant R-410A from properties at 0°C only. Use the equation to predict 
the saturation pressure at 5°C and compare to table value. 


dP 


In P sat = A - B/T 


dT 


Sat = P sat (-BX-T- 2 ) 


so we notice from Eq.12.7 and Table values from B.4.1 and A. 5 that 

hf g 221.37 kJ/kg 
B_ R “0.1145 kJ/kg-K “ 1933,4 K 

Now the constant A comes from the saturation pressure as 


A = In P sat + B/T = In 798.7 + 


1933.4 

273.15 


= 13.7611 


Use the equation to predict the saturation pressure at 5°C as 

1933.4 

In P sat = A-B/T= 13.7611 - 273 lg + g = 6.8102 
Psat = 907 kPa 

compare this with the table value of P sat = 933.9 kPa and we have an 
approximation 3% low. Notice h fg decreases so we could have used a lower value 
for the average in the interval. 
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12.26 

The triple point of CCE is -56.4°C. Predict the saturation pressure at that point 
using Table B.3. 


The lowest temperature in Table B.3 for CO 2 is -50°C, so it must be extended to 
-56.4°C = 216.75 K using the Clapeyron Eq. 12.7 integrated as in Ex. 12.1 

Table B.3: at T : = -50°C = 223.15 K, P 1 = 682.3 kPa, h fg = 339.73 kJ/kg 

Table A.5: R = 0.1889 kJ/kg-K 

P__\ ( T - T i) _ 339.73 (216.75 - 223.15) _ 
ln Pj - R TxTj _ 0.1889 216.75 x 223.15 “ '°- 23797 

P = 682.3 exp(-0. 23797) = 537.8 kPa 

Notice from Table 3.2: P = 520.8 kPa so we are 3% high. As h fn becomes larger 
for lower T’s we could have estimated a more suitable value for the interval from 
-50 to -56.4°C 
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12.27 

Helium boils at 4.22 K at atmospheric pressure, 101.3 kPa, with h fg = 83.3 

kJ/kmol. By pumping a vacuum over liquid helium, the pressure can be lowered, 
and it may then boil at a lower temperature. Estimate the necessary pressure to 
produce a boiling temperature of 1 K and one of 0.5 K. 

Solution: 


Helium at 4.22 K: 

^ P SAT _ ^FG 

dT Tv pG 


Pj = 0.1013 MPa, 

In 


h P 

FG SAT 


RT 


h c „ = 83.3 kJ/kmol 
FG 



^FG r 1 J_ 
R Ljj ~T 


For T 2 = 1.0 K: 

ln 101.3 = 8.3145 [422 ~ U)] => P 2 = °- 048 kPa = 48 Pa 

For T 0 = 0.5 K: 

P 2 _ 83.3 r 1 1 -I 

ln 101.3 “8.3145U.22 0.5^ 

P^ = 2.1601xl0' 6 kPa = 2.1601 x 10' 3 Pa 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.28 

Using the properties of water at the triple point, develop an equation for the 
saturation pressure along the fusion line as a function of temperature. 

Solution: 

The fusion line is shown in Fig. 2.3 as the S-L interphase. From Eq.12.5 we have 

dPfusion hjf 
dT = Tv if 


Assume h if and v if are constant over a range of T’s. We do not have any simple 

models for these as function of T other than curve fitting. Then we can integrate 
the above equation from the triple point (Tj, Pf) to get the pressure P(T) as 


P-Pt = 


hif 

v if 


In 


X 

Tt 


Now take the properties at the triple point from B.1.1 and B.1.5 
Pi = 0.6113 kPa, T 1 = 273.16 K 

v if = v f - Vi = 0.001 - 0.0010908 = - 9.08 x 10“ 5 m 3 /kg 
h if = h f - hi = 0.0 - (-333.4) = 333.4 kJ/kg 
The function that approximates the pressure becomes 

P = 0.61 13 -3.672 x 10 6 \n 77 r [kPa] 

M 
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12.29 

Using thermodynamic data for water from Tables B.1.1 and B.1.5, estimate the 
freezing temperature of liquid water at a pressure of 30 MPa. 


H,0 


dp if_ hjf 
dT _ Tv if 


const 



At the triple point, 

v if = v f - Vj = 0.001 000 - 0.001 090 8 = -0.000 090 8 m 3 /kg 


h if = h f - hj = 0.01 - (-333.40) = 333.41 kJ/kg 
dp if 333.41 


dT ~~ 273.16(-0.000 090 8) 


= -13 442 kPa/K 


=> at P = 30 MPa, 


T « 0.01 + 


(30 000-0.6) 
(-13 442) 


= -2.2 °C 
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12.30 


Ice (solid water) at -3°C, 100 kPa, is compressed isothermally until it becomes 
liquid. Find the required pressure. 

Water, triple point T = 0.01°C , P = 0.61 13 kPa 

Table B. 1.1: v f = 0.001 m 3 /kg, h f = 0.01 kJ/kg, 

Tabel B.1.5: vj = 0.001 0908 m 3 /kg, hj = -333.4 kJ/kg 


Clapeyron 


dP if _ hf-hj _ 333,4 

dT _ (v f - Vj)T “ -0.0000908 x 273.16 


= -13 442 kPa/K 


dP f 

AP « -pjr AT = -13 442(-3 - 0.01) = 40 460 kPa 

P = P + AP = 40 461 kPa 

tP 
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12.31 

From the phase diagram for carbon dioxide in Fig. 2.5 and 2.4 for water what can 
you infer for the specific volume change during melting assuming the liquid has a 
higher h than the solid phase for those two substances. 


The saturated pressure versus temperature has a positive slope for carbon dioxide 
and a negative slope for water. 


Clapeyron 


dPjf _ hf-hj 

dT - (v f - Vj)T 


So if we assume hf - hj > 0 then we notice that the volume change in the melting 
gives 

Water: v f - Vj < 0 so v f < Vj 


Carbon dioxide: v f - Vj > 0 so v f > Vj 
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12.32 


A container has a double wall where the wall cavity is filled with carbon dioxide 
at room temperature and pressure. When the container is filled with a cryogenic 
liquid at 100 K the carbon dioxide will freeze so that the wall cavity has a mixture 
of solid and vapor carbon dioxide at the sublimation pressure. Assume that we do 
not have data for C0 2 at 100 K, but it is known that at -90°C: P sat = 38.1 kPa, 

hio = 574.5 kJ/kg. Estimate the pressure in the wall cavity at 100 K. 


Solution: 

For C0 2 space: at T, = -90 °C = 183.2 K , Pj = 38.1 kPa, h IG = 574.5 kJ/kg 


For T 2 = T c02 = 100 K: Clapeyron 


dP 


SUB 


h 


IG 


hlG P SUB 


h 


ln~ 


IG 


r-J— J-i - 

Li c-3 o mnJ - 


574.5 


R L 183.2 100 J “0.188 92 L 183.2 100 


dT Tv ig ~ rt 2 


r 1 1 _ 

Li m ~ mnJ _ -13.81 


or P^ = P L x 1.005xl0' 6 


P 2 = 3.83xl0' 5 kPa = 3.83xl0' 2 Pa 
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12.33 

Small solid particles formed in combustion should be investigated. We would like 
to know the sublimation pressure as a function of temperature. The only 
information available is T, h pG for boiling at 101.3 kPa and T, h |p for melting at 

101.3 kPa. Develop a procedure that will allow a determination of the sublimation 
pressure, P s JT). 


T NBp = normal boiling pt T. 
T nmp = normal melting pt T. 
T xp = triple point T. 

]\ r r ~ t 
J TP ~ NMP 



TP 


2) 


TP 

J(1/Psat) dP SAT 
0.1013 MPa 


Since h pG * const « h pG NBp 


h 


FG 


RT 


dT 


NMP 


the integral over temperature becomes 


In 


TP 


h 


0.1013 


F G NBP 

R 


Dt-tM 

NBP TP 




getP 


TP 


^ ^IG at TP \ ^G " + " V * ^FG NBP + ^IF NMP 

Assume h |G « const, again we can evaluate the integral 


P *SUB 

ln Tr= /< 1/P S UB) dP S UB 


T 

r h 


TP 


IG 


h 


TP 


j 

t tp 


RT' 


dT 


IG 


R L T 


hr- 

TP 


° r P SUB = fn(T ^ 
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Property Relations 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.34 

Use Gibbs relation du = Tds - Pdv and one of Maxwell’s relations to find an 
expression for (5u/5P)x that only has properties P, v and T involved. What is the 
value of that partial derivative if you have an ideal gas? 

du = Tds - Pdv divide this by dP so we get 

'du\ ( <3s^ | f Sv'j ( <9v^| f dv ' 

v 5pJt = T {dP)T ~ P IspJt = ~ T IstJp “ P IspJt 

where we have used Maxwell Eq.12.19. Now for an ideal gas we get 

RT 

Ideal gas: Pv = RT => v = “jy 

then the derivatives are 

P = P and 10 pJt = - RTP ‘ 

and the derivative of u is 

f 5v^| ( 3v^i R o 

= -T — -P — = -T o - P( -RTP -2 ) = 0 

T \GTJP ydPjT P v ’ 

This confirms that u is not sensitive to P and only a function of T. 
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12.35 


The Joule-Thomson coefficient (u j is a measure of the direction and magnitude of 

the temperature change with pressure in a throttling process. For any three 
properties x,y,z use the mathematical relation 


v3y j 


<3y 
\dz j 


x 


r dz N 
V 3xy 


= -l 


y 


to show the following relations for the Joule-Thomson coefficient: 


7 srr\ 


Mj = 


0T 

0Pj h 


T 


v5Ty 


- V 


RT 


2 r dT> 


C, 


PC, 


v 


dV P 


Let x = T, y = P and z = h and substitute into the relations as 


7 zrr\ 






0T 

l<9Pj h lahJx IstJp 


= -l 


Then we have the definition of specific heat as Cp = 
term 


W 

IstJp 


so solve for the first 


7 srr\ 


Pj = 


0T 

8P)h 


1 


C, 


/ 




1 




{dhjj C P \dPjj 


The last derivative is substituted with Eq. 12.25 so we get 


7 srr\ 


Mj = 


8T 


T 


v5Ty 


- V 


vsp; h Cp 

If we use the compressibility factor then we get 


dT) P 


Pv = ZRT 


■=> 


ZR RT 

TV "+ " TV 


so then 


T 


v5Ty 


RT 


2 f &z> 


r dz> 

v5Ty 


v RT 
T + P 


- V = V + 


V 


RT 


2 f &z> 


dTjp V P 


v5Ty 


f 8Z> 

v5Ty 


and we have shown the last expression also. 

J ^ 

Pj = 


StJp 


- v 


dPJh 


C, 


RT 2 ( 87} 


PC, 


ISTjp 
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12.36 

Find the Joule-Thomson coefficient for an ideal gas from the expression given in 
Problem 12.35 




Mj = 


0T 

dP)h 


T 


r dv A 

v5T , 


- V 


c, 


RT 2 ( 87> 


PC, 


v 


dV P 


For an ideal gas: v = RT/P so then the partial derivative 


v5Ty 


R 

p“P 


■=> T 


(dv) 

IstJp 


RT 

- v = v = v - v = 0 


For an ideal gas Z = 1 so the very last derivative of Z is also zero. 
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12.37 

Start from Gibbs relation dh = Tds + vdP and use one of Maxwell’s equation to 
get (Sh/Svf| in terms of properties P, v and T. Then use Eq. 12.24 to also find an 

expression for (<9h/<3T) v . 

/<3h\ /<3h\ 

Find W T and Wv 

dh = Tds + vdP and use Eq. 12. 18 

=> \dv' T = T V0v' T + V V0v' T =T \5 T'v + V ^0v' t 
Also for the second first derivative use Eq. 12.24 

( dh \ / 6s \ / 6P \ / 6P \ 

\0T'v = T V0 T^v + v \0T^v = C v + v \<3T'v 
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12.38 

From Eqs. 12.23 and 12.24 and the knowledge that C p > C v what can you 

conclude about the slopes of constant v and constant P curves in a T-s diagram? 
Notice that we are looking at functions T(s, P or v given). 

Solution: 

The functions and their slopes are: 

Constant v: T(s) at that v with slope 

Constant P: T(s) at that P with slope 

Slopes of these functions are now evaluated using Eq. 12.23 and Eq. 12.24 as 




Since we know C p > C v then it follows that T/C v > T/C p and therefore 

'ST) gC 

v Ss } v yds yP 

which means that constant v-lines are steeper than constant P lines in a T-s 
diagram. 
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12.39 


Derive expressions for (dTldv) u and for (chlds) v that do not contain the properties 
h, u, or 5 . Use Eq. 12.30 with du = 0. 




(see Eqs. 12.33 and 12.34) 
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12.40 

Evaluate the isothermal changes in the internal energy, the enthalpy and the 
entropy for an ideal gas. Confirm the results in Chapters 3 and 6. 

We need to evaluate du x , dh x and ds x for an ideal gas: P = RT/v. 

From Eq. 12.31 we get 

5P R 

du T = [ T (^) v -P]dv T = [T(-)-P]dv T = [P-P]dv T = 0 


From Eq. 12.27 we get using v = RT/P 

dh T = [v-T(|^)p]dP T =[v-T(|)]dP T =[v-v]dP T = 0 

These two equations confirms the statements in chapter 5 that u and h are 
functions of T only for an ideal gas. 

From Eq. 12.32 or Eq. 12.34 we get 



so the change in s can be integrated to find 

p 2 v 2 

So — Si = -R In fr - = R In 

21 p l Vi 


when T 2 = Ti 
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12.41 

Develop an expression for the variation in temperature with pressure in a constant 
entropy process, (< dTIdP ) , that only includes the properties P-v-T and the specific 

heat, Cp. Follow the development for Eq. 12.32. 


(—) 

^<9P'S “ sQS X 

W'p 


_WP_X/3v. 

(C p /T) ~r W7 


C p v dT'P 


{ (|^)t - '(^f)p' Maxwell relation Eq. 12.23 and the other is Eq. 12.27 } 
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12.42 

Use Eq. 12.34 to get an expression for the derivative (<9T/ov) s . What is the general 

shape of a constant s process curve in a T-v diagram? For an ideal gas can you say 
a little more about the shape? 


Equation 12.34 says 


ds = C 


dT 

v q 1 



so then in a constant s process we have ds = 0 and we find 

(£T) 

V^y/S ~~ r 


C v v 5T / v 


As T is higher the slope is steeper (but negative) unless the last term (<9P/<9T) V 
counteracts. If we have an ideal gas this last term can be determined 


P = RT/v 


(-) =- 
W'v v 


(-) = 

\0y/ S 

and we see the slope is steeper 
an increasing function of T. 


XR_ _P_ 

“c v v"“C v 

for higher P and a little lower for higher T as C v is 
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12.43 

Show that the P-v-T relation as P(v - b) = RT satisfies the mathematical relation 
in Problem 12.35. 


vSyv 


z 


ray 


f a z ^ 

ydz) 

X 

laxj 



Let (x, y, z ) be (P, v, T) so we have 


v 5v y 


T 


v5T > 


v 


dPJ 


= -l 


v 


The first derivative becomes, P = RT/(v - b) 


V 5vy 


= -RT (v - b)' 2 = - P/(v - b) 


T 


The second derivative, v = b + RT/P 


= R/P 


\PVP 

The third derivative, T = (P/R)(v - b) 


SP )y 


= (v - b)/R 


Substitute all three derivatives into the relation 


"ap N 

lavJx 


'dv* 

UtJ 


(0T'l 

ap 




V 


RT 

(v-b) 


R 

2 X p x 


with the last one recognized as a rewrite of the 


v-b _ RT 
R (v-b) 

original EOS. 
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12.44 

What are the volume expansivity a p , the isothermal compressibility P T , and the 
adiabatic compressibility P s for an ideal gas? 


The volume expansivity from Eq. 12.37 and ideal gas v = RT/P gives 

_ 1 R 1 

a P v^ST'P ~ v 1 P } T 

The isothermal compressibility from Eq. 12.38 and ideal gas gives 

„ 1/0V\ 1 7 1 


The adiabatic compressibility P s from Eq. 12.40 and ideal gas 

lxdv\ 

Ps = _ vVPO/: 


V V 5P /S 

From Eq. 12.32 we get for constant s (ds = 0) 

T R 

0T'P 


(— ) = 

a? h 


T /Svx _ 

yprr/v — 


V 


c 


CpP 


c, 


and from Eq. 12.34 we get 


/dv\ Cy /dP\ 

VPT/S — — T VPT/v 


c 


V V 


c 


V 


0T /S T v 0T y v T R 
Finally we can form the desired derivative 

/dv\ Tv\ /cT', C v v 

Vptd/s — \;rr/s Vpid/s — 


v 


5P /S v 5x /s v 5 p/s P c p kP 

l/dv\ / K / v \ 1 1 

Ps = “ yV^p/s = A v = i/P = v P 


kP y “ kP “ k p t 
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12.45 

Assume a substance has uniform properties in all directions with V = L x L y L z and 
show that volume expansivity a p = 38y. Hint: differentiate with respect to T and 
divide by V. 


From Eq. 12.37 


V — L x LyL z 


1 / dW \ 1 f L x L y L z 

= VVPT/P “III ' PT / 


a 


P “ VW'P L x L y L z 
LyL Z /d L X x 


8T 'P 


/ ' ^y \ L x Ly , 8 L z 

L y L v L 7 v 0T 'p ' L y L v L 7 V 0X Jp + L y L v L 7 V 0T 'P 


L X L Z L, 


J x^y^z 

1 /5L 


'x^y^z 


'x^y^z 


1 /5L 


1 s w x \ 1 ^y \ i j_ 

= T \ AT /P + 1 V AT ) 


1 


L x v 8T y p + L v ^ 0T ^p + L z ( 0T ^P 


7 

= 3 8 X 

This of course assumes isotropic properties (the same in all directions). 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.46 


Determine the volume expansivity, a p , and the isothermal compressibility, (:$ T for 
water at 20°C, 5 MPa and at 300°C, and 15 MPa using the steam tables. 

Water at 20°C, 5 MPa (compressed liquid) 

a p “ v WP ~ v^AT'P ’ P T - vV'T ~ v^AP'T 

Estimate by finite difference using values at 0°C, 20°C and 40°C, 


1 0.001 0056 - 0.000 9977 

a P ~ 0.000 9995 40 - 0 


= 0.000 1976 °C-1 


Using values at saturation, 5 MPa and 10 MPa, 



1 0.000 9972-0.001 0022 

0.000 9995 10 - 0.0023 


= 0.000 50 MPa 1 


Water at 300°C, 15 MPa (compressed liquid) 


1 0.001 4724 - 0.001 3084 

a P~ 0.001 377 320- 280 


= 0.002 977 "C' 1 



1 0.001 3596-0.001 3972 

0.001 377 20 - 10 


= 0.002 731 


MPa 1 
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12.47 

Use the CATT3 software to solve the previous problem. 

The benefit of the software to solve for the partial derivatives is that we can 
narrow the interval over which we determine the slope. 


Water at 20°C, 5 MPa (compressed liquid) 

a p - v WP ~ v^AT'P ’ P T - v W'T ~ v^AP'T 

Estimate by finite difference using values at 19°C, 20°C and 21°C, 


1 0.000 9997 - 0.000 9993 

a p~ 0.000 9995 21 - 19 


= 0.000 40 “C- 1 


Using values at saturation, 4.5 MPa and 5.5 MPa, 



1 0.000 9993 - 0.000 9997 

0.000 9995 5.5 - 4.5 


= 0.000 40 MPa 1 


Water at 300°C, 15 MPa (compressed liquid) 


1 0.001 385 - 0.001 369 

a P ~ 0.001 377 302 - 298 


= 0.011 619 °C _1 



1 0.001 373-0.001 381 

0.001 377 16 - 14 


= 0.002 905 MPa 1 
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12.48 

A cylinder fitted with a piston contains liquid methanol at 20°C, 100 kPa and 
volume 10 L. The piston is moved, compressing the methanol to 20 MPa at 
constant temperature. Calculate the work required for this process. The isothermal 

_Q ^ 

compressibility of liquid methanol at 20°C is 1.22 x 10 nrVN. 



For v « constant & P T « constant the integral can be evaluated 



o 

For liquid methanol, from Table A. 4: p = 787 m /kg 
Vj = 10 L, m = 0.01 x 787 = 7.87 kg 

0.01x1220 r ? il 
,W 2 = 2 L( 20 ) - (° - !) J = 244 0 j = 2.44 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.49 

For commercial copper at 25°C (see table A. 3) the speed of sound is about 4800 
m/s. What is the adiabatic compressibility [! s ? 

From Eq. 12. 41 and Eq. 12.40 

2 = ($P' \ = _ 2 (SP) 1 _ 1 

C V 'Sv's j_/av\ P s p 

-v\ap/s p 

Then we get using density from Table A. 3 

1 1 s 2 m3 _ 1000 1 

Ps - c 2p - 48002 x 8300 m 2 kg “ 4800 2 x 8300 kPa 

= 5.23 x 10“ 9 kPa 1 
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12.50 

Use Eq. 12.32 to solve for (<3T/5P) S in terms of T, v, C p and a p . How large a 

temperature change does 25°C water (a p = 2.1 x 10“ 4 K7 1 ) have, when 
compressed from 100 kPa to 1000 kPa in an isentropic process? 


From Eq. 12.32 we get for constant s (ds = 0) and Eq. 12.37 

dv \ T 

0T'P = C p a P v 

Assuming the derivative is constant for the isentropic compression we estimate 
with heat capacity from Table A. 3 and v from B.1.1 



/ST\ T 

AT s = tapis AP s = C^ a P vAP s 
273.15 + 25 4 

= jjg x 2.1 x 10' 4 x 0.001003 x (1000 - 100) 

= 0.013 K barely measurable. 
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12.51 

Sound waves propagate through a media as pressure waves that cause the media 
to go through isentropic compression and expansion processes. The speed of 

sound c is defined by c = ( dPidp ) and it can be related to the adiabatic 

s 

-in 9 

compressibility, which for liquid ethanol at 20°C is 9.4 x 10' rrT/N. Find the 
speed of sound at this temperature. 


= 2 (^\ 1 _ 1 

c v Vdv's j_/av\ P s p 

'vVdp/s P 

From Table A.4 for ethanol, p = 783 kg/m 3 
/ 1 \ 1/2 

=^> c = \~ 19 — —) =1166 m/s 

v 940x10' 12 x783 / 
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12.52 

Use Table B.3 to find the speed of sound for carbon dioxide at 2500 kPa near 
100°C. Approximate the partial derivative numerically. 




s 


We will use the 2000 kPa and 3000 kPa table entries. We need to find the change 
in v between two states with the same s at those two pressures. 


At 100°C, 2500 kPa: s = (1.6843 + 1.5954)/2 = 1.63985 kJ/kg-K, 

v = (0.03359 + 0.02182)/2 = 0.027705 m 3 /kg 


2000 kPa, s = 1.63985 kJ/kg-K: v = 0.031822 m 3 /kg 

3000 kPa, s = 1.63985 kJ/kg-K: v = 0.0230556 m 3 /kg 



0.027705 


3000 - 2000 


0.0230556-0.031822 kg 


kJ J 

= 87 557.8 


kg 


c = V 87 557.8 = 295.9 m/s 
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12.53 

Use the CATT3 software to solve the previous problem. 

At 100°C, 2500 kPa: s = 1.636 kJ/kg-K, v = 0.02653 m 3 /kg 

101°C, s = 1.636 kJ/kg-K: v = 0.02627 m 3 /kg, P = 2.531 MPa 

99°C, s = 1.636 kJ/kg-K: v = 0.02679 m 3 /kg, P = 2.469 MPa 

, 9 /AP\ , 2531 - 2469 kJ J 

c = - 0.02653 2 n — n mV7o i — = 83 919.5 ; — 

v Av 7 s 0.02627 - 0.02679 kg kg 

c = V83 919.5 = 289.7 m/s 
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12.54 

Consider the speed of sound as defined in Eq. 12.41. Calculate the speed of sound 
for liquid water at 20°C, 2.5 MPa, and for water vapor at 200°C, 300 kPa, using 
the steam tables. 


FromEq. 12.41: 



Liquid water at 20°C, 2.5 MPa, assume 



T 


Using saturated liquid at 20°C and compressed liquid at 20°C, 5 MPa, 

7 _ / 0.001 002+0.000 9995 W 5-0.0023 \ MJ 

c ~ “ "V 2 ) VO. 000 9995-0.001 002/ kg 

= 2.002xl0 6 r- 
kg 

=> c = 1415 m/s 
Superheated vapor water at 200°C, 300 kPa 

v = 0.7163 m 3 /kg, s = 7.3115 kJ/kg K 
At P = 200 kPa & s = 7.3115 kJ/kg K: T=157°C, v = 0.9766 m 3 /kg 
At P = 400 kPa & s = 7.3115 kJ/kg K: T = 233.8°C, v = 0.5754 m 3 /kg 



-(0.7163) 2 ( 


0.400-0.200 \ 
0.5754-0.9766/ 


1V1J A 9 9 

1 = 0.2558 x 10 6 m 2 /s 2 

kg 


=> c = 506 m/s 
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12.55 


Use the CATT3 software to solve the previous problem. 


From Eq. 12.41: c 2 = (|) $ = -v 2 (f ) s 

n rdP\ / AP\ 

Liquid water at 20 C, 2.5 MPa, assume ~ VAv^s 

and CATT3: v = 0.001001 m 3 /kg, s = 0.2961 kJ/kg-K 
Using liquid at 3 MPa and 2 MPa at the same s = 0.2961 kJ/kg-K, 

3-2 \MJ 


c 2 = - 0.001001 2 ( 


= 1.002xl0 6 


0.001 -0.001 001/ kg 


) 


kg 

=> c = 1001 m/s 
Superheated vapor water at 200°C, 300 kPa 

CATO: v = 0.7163 m 3 /kg, s = 7.311 kJ/kg K 


At P = 290 kPa & s = 7.311 kJ/kg K: T = 196. 2°C, v = 0.735 1 m J /kg 
At P = 310 kPa & s = 7.311 kJ/kg K: T = 203.7°C, v = 0.6986 m 3 /kg 

0.310-0.290 \ MJ 


c 2 = -(0.7 163) 2 Q 


=> 


6986 -0.7351 
c = 530 m/s 


\ MI £ 99 

) = 0.281 14 x 10 6 m 2 /s 2 
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12.56 

Soft rubber is used as a part of a motor mounting. Its adiabatic bulk modulus is B s 

= 2.82 x 10 6 kPa, and the volume expansivity is a p = 4.86 x 10~ 4 K" 1 . What is the 

speed of sound vibrations through the rubber, and what is the relative volume 
change for a pressure change of 1 MPa? 

From Eq. 12.41 and Eq. 12.40 

2f§P\ = _2(&\ 1 _ 1 _ Bs 

C ^5p's v \<3v's j_/5v\ p s p p 

V xppx s P 

= 2.82 X 10 6 X 1000 Pa / 1 100 kg/m 3 = 2.564 x 10 6 m 2 /s 2 

c = 1601 m/s 

If the volume change is fast it is isentropic and if it is slow it is isothermal. We 
will assume it is isentropic 

_1/5V\ J_ 

then 

AV AP 1000 a 

V ” “ B s " “ 2.82 x 10 6 ” _3 ‘ 55 X 10 
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12.57 

A A 

Liquid methanol at 25°C has an adiabatic compressibility of 1.05 x 10‘ v m“/N. 
What is the speed of sound? If it is compressed from 100 kPa to 10 MPa in an 
insulated piston/cylinder, what is the specific work? 


From Eq. 12.41 and Eq. 12.40 and the density from table A.4 

1 


; 2 = (SP) = _ V 2(») = -L = - 


05 x 10' 9 x 787 


= 1.210 x 10 6 m 2 /s 2 

c = 1100 m/s 

The specific work becomes 


w 


= /P dv = JP (-p s v ) dP = - J p v P dP = -p s v / P dP 


= -p s v 0.5 (?l - Pp 


0.5 


= -1.05 x 10' 9 m 2 /N x m 3 /kg x (10 000 2 - 100 2 ) x 1000 2 Pa ; 

= -66.7 J/kg 
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12.58 

Use Eq. 12.32 to solve for (<3T/5P) S in terms of T, v, C p and a p . How much higher 
does the temperature become for the compression of the methanol in Problem 
12.57? Use a p = 2.4 x 1(T 4 K" 1 for methanol at 25°C. 


From Eq. 12.32 we get for constant s (ds = 0) and Eq. 12.37 

dv \ T 

0T'P = C p a P v 

Assuming the derivative is constant for the isentropic compression we estimate 
with heat capacity and density (v = 1/p) from Table A. 4 



/ST\ T 

AT s = vgp/s AP s = a p v AP S 

= K y K x2.4x 10' 4 K 4 x^y^x (10000- 100) kPa 

= 0.353 K 
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12.59 

Find the speed of sound for air at 20°C, 100 kPa using the definition in Eq. 12.41 
and relations for polytropic processes in ideal gases. 

( gp\ 

^Js = - y2 Ws 

For ideal gas and isentropic process, Pv k = constant 

5P 

P = Cv' k => = -kCv' k_1 = -kPv' 1 

dv 

c 2 = -v 2 (-kPv _1 ) = kPv = kRT 
c = y/kRT = 1.4x0. 287x293. 15x1000 = 343.2 m/s 


For every 3 
seconds after the 
lightning the 
sound travels 
about 1 km. 
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Equations of State 
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12.60 

Use Table B3 and find the compressibility of carbon dioxide at the critical point. 
Pv = Z RT 

At the critical point from B.3: 

P = 7377.3 kPa, T = 31°C = 304.15 K, v = 0.002139 m 3 /kg 

from A. 5: R = 0.1889 kJ/kg-K 

Pv _ 7377.3 x 0,002139 
Z- RT - 0.1889x 304.15 “ 0,27 
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12.61 


Use the equation of state as shown in Example 12.3 where changes in enthalpy 
and entropy were found. Find the isothermal change in internal energy in a similar 
fashion; do not compute it from enthalpy. 


The equation of state is 


Pv P 

= 1-C 


RT ‘ ^ T 4 

and to integrate for changes in u from Eq. 12.31 we make it explicit in P as 

P = T 4 ( ^ T 3 + C’ r 1 
Now perform the partial derivative of P 

(|p) v = 4T 3 (^T 3 + C’ r 1 - T 4 (^T 3 + C’ )~ 2 3^T 2 

p P 2 v P P Pv P „ „ Pv 

= — j4^rT =4j— 3-pX = rp [ 4 - 3 1 

Substitute into Eq. 12.31 

du T = [ T (||) v -P]dv T = [P(4-3|^)-P]dv T 


RT 


Pv 


= 3 P ( 1 - dv T = 3 P C’ ~ A dv T 

The P must be eliminated in terms of v or the opposite, we do the latter as from 
the equation of state 


RT 1 

v = “ 5 “- C’ R — 
P j 


RT 

dv T = “ p 2 dP T 


so now 

P 2 1 

du T = 3 C’ ^ dv T = - 3 C’ R dP T 

and the integration becomes 

u 2 -u 1= -3C’RT- 3 (P 2 -P 1 ) 
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12.62 

Use Table B.4 to find the compressibility of R-410A at 60°C and a) saturated 
liquid b) saturated vapor and c) 3000 kPa. 

Table A.2: R = 8.31451 / 72.585 = 0.1145 kJ/kg-K 

a) Table B.4. 1: P = 3836.9 kPa, v = 0.001227 m 3 /kg 

Pv 3836.9 x0,001227 
Z- RT - 0.1145 x333.15 “ 01234 

b) Table B.4. 1: P = 3836.9 kPa, v = 0.00497 m 3 /kg 

Pv 3836.9 x0,00497 
Z_ RT _ 0.1145 x 333.15 “ 0,5 

c) Table B.4.2: P = 3000 kPa, v = 0.00858 m 3 /kg 

Pv 3000x0,00858 
Z “ RT “ 0.1145 x 333.15 “ 0,675 

The R-410A is not an ideal gas at any of these states. 
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12.63 


Use a truncated virial EOS that includes the term with B for carbon dioxide at 20° 

C, 1 MPa for which B = -0.128 m 3 /kmol and T(dB/dT) = 0.266 m 3 /kmol. Find 
the difference between the ideal-gas value and the real-gas value of the internal 
energy. 


virial eq.: 


RT BRT 
P = + T- 


V 


V 


_ R BR RT ,dB. 
W' V - V + v 2 + V 2 W' 


* 

u-u 




Solution of virial equation (quadratic formula): 



- 1 RT r J - 1 RT 8.3145x293.15 

v = 2 ~p~ I_1 + v 1 + 4BP/RT J where: ~y = = 2.43737 

v=|x 2.43737 [l + + 4(-0.128)/2.43737 ] = 2.3018 m 3 /kmol 

Using the minus-sign root of the quadratic formula results in a compressibility 
factor < 0.5, which is not consistent with such a truncated equation of state. 

* -8.3145 x 293.15 r 1 

u - u = [0.266 J / 44.01 = - 6.4 kj/kg 
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12.64 


Solve the previous Problem with Table B.3 values and find the compressibility of 
the carbon dioxide at that state. 

B.3: v = 0.05236 m 3 /kg, u = 327.27 kJ/kg, A5: R = 0.1889 kJ/kg-K 


Z = 


Pv 1000 x 0.05236 


RT = 0 1889 x 293 15 = °- 9455 close to ideal gas 


To get u* let us look at the lowest pressure 400 kPa, 20°C: v = 0.13551 m 3 /kg 
and u = 331.57 kJ/kg. 

Z = Pv/RT = 400 x 0.13551/(0.1889 x 293.15) = 0.97883 
It is not very close to ideal gas but this is the lowest P in the printed table. 

u — u* = 327.27 - 331.57 = -4.3 kJ/kg 
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12.65 

A gas is represented by the virial EOS with the first two terms, B and C. Find an 
expression for the work in an isothermal expansion process in a piston-cylinder. 


Virial EOS: 


RT B(T) RT C(T) RT 
P — + T + n + 


V 


V' 


V 


= RT[ v _1 + B(T) V - 2 + C(T) V - 3 + .. ] 


The work is w = / P dv = RT f [ v _1 + B(T) v “ 2 + C(T) v “ 3 + .. ] dv 


With just the first two terms we get 


w = RT [ In ~ - B(T) (v 2 '- Vj 1 ) - \ C(T) (v 2 2 - v, 2 ) ] 
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12.66 


Extend problem 12.63 to find the difference between the ideal-gas value and the 
real-gas value of the entropy and compare to table B.3. 

Calculate the difference in entropy of the ideal-gas value and the real-gas value 
for carbon dioxide at the state 20°C, 1 MPa, as determined using the virial 
equation of state. Use numerical values given in Problem 12.63. 


C0 2 at T = 20°C, P = 1 MPa 


RT/P : 


Sp* - Sp 


■ f@ 


V 


dv; 


RT/P* 

* fR P 

ID Gas: s P * - s = l77dv = Rln3 


V(P) 


P I V 

v(P) 


RT/P : 


Therefore, at P: s P - s p = -R In + 


(-) 


dv 


V(P) 


RT BRT /0P\ R BR RT/dB\ 

virial: P = — + — and l J = — + “T" + TP / 

v v 2 v 0T y v v v 2 v 2 v dT' 

Integrating, 


* P 

s p - s = -R In — + R In t - + 


RT r /dB\l/l P\ 


P V 


= R[ ta f + ( B + T<f))i] 


dT//v 


Using values for CO, from solution 12.63 and R = 0.1889 U/kgK 


s p - Sp — 0. 1 889 [in 2 3018 128 + 0.266 


2.437 37 


(- 0 . 


,3018 

= 0.02214 kj/kg K 

From Table B.3 take the ideal as the lowest P = 400 kPa: 


/2.3018-I 


s P - s p = 1.7904 - 1.6025 + 0.1889 ln(400/1000) = 0.0148 kJ/kgK 


The lowest P = 400 kPa in B3 is not exactly ideal gas ( Z = Pv/RT = 0.9788) 
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12.67 

Two uninsulated tanks of equal volume are connected by a valve. One tank 
contains a gas at a moderate pressure P , and the other tank is evacuated. The 

valve is opened and remains open for a long time. Is the final pressure P 9 greater 

than, equal to, or less than P /2? Hint: Recall Fig. 12.5. 


Assume the temperature stays constant then for an ideal gas the pressure will be 
reduced to half the original pressure. For the real gas the compressibility factor 
maybe different from 1 and then changes towards one as the pressure drops. 


V A = V B =* V 2 = 2V 1’ T 2 = T,=T 

P 2 _ V 1 Z 2 mRT _ J _^2 
Pj “ V 2 Zj mRT - 2Z 1 

£2 1 

If T < T B , Z 2 >Zj => p >2 

^2 1 

If T > T B , Z 2 <Zj => p <2 



GAS EVAC . 


T > 5 


T < g 

7 P 
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12.68 


Show how to get the constants in Eq. 12.52 for van der Waals EOS. 


van der Waals EOS: 


P = 


RT 


a 


v - b v“ 

The conditions at the critical point relate to these derivatives 


(-) =- 


RT 


2a 


<9 2 P 


2RT 


+ 


(v - b) v 


f— ) = 

W't ( v -b) 


6a 


v 


Set both derivatives to zero at the critical point 


RT, 


2a 


(v c - b)- 


+ 


v. 


we also have from the EOS 


2RT, 


= 0 (1) ; 


(v c - b) 


6a 

3 “ 4 = 0 

V. 


(2) 


Pc v — b ~ 
c v c 


( 3 ) 


Now we need to solve theses three equations for v c , a and b. Solve the first 
equation for a and substitute into the second equation to give 


2a RT< 


v„ ( v c - b ) 


=> 


6a 


3RT, 


v, 


v c (v c - b) 


2 substitute into Eq.(2) 


3RT, 


2RT, 


2 1_\3 


v c (v c - b)“ (v c - b) 


now solve to get 


v c = 3b 


Substitute back into the first equation to get 

RT c 3 27, 

2a = ^73rf v c = RT cT b 


(v c - b) 

Now finally substitute a and v c into the EOS Eq.(3) to get b. 

27 

RT 

c a_ xvx c 
2 ” 


P c =“ u 

c Vo — b 


RTo a RT C RT c Y b 


v. 


2b 


9 b 


= RT C (0.5 - 3/8) /b 


The result is as in Eq. 12.52. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.69 


Show that the van der Waals equation can be written as a cubic equation in the 
compressibility factor involving the reduced pressure and reduced temperature as 

2 


P (21 

z3 -(it +1 )z 2 + ' 


64 T 


van der Waals equation, Eq. 12.55: 


a = 


27 RV 

64 P c 


2 

r J 


27 P 


Z- 


512 T 3 


= 0 


RT a 
p = — r-^ 
v-b v 2 


RT 


b = 


c 


8P 


c 


v 2 (v-b) 

multiply equation by p 

RT . a 


Get: 


ab 


v 3 - (b + -p-) v 2 + (p) v - y = 0 


Pv 


Multiply by ^ 3 and substitute Z = 


Get: 


a bP 

Z 3 - (dt + 1) Z 2 + (' 


aP 


abP 


RT 1 ' V R 2 T 2‘) Z - ( r3 T 3) -0 


Substitute for a and b, get: 

Z 3 _ (gj + l) Z- + 


(21 P r ^ 


Where 


P = — 
r r P ’ 


V 


64 T 


2 

r J 


21 P, 


Z- 


512 T 3 


= 0 


T 

T = — 

i r T 
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12.70 

Evaluate changes in an isothermal process for u, h and s for a gas with an 
equation of state as P (v - b) = RT. 

From Eq. 12.31 we get 

<9P R 

du T = [ T (— ) v -P]dv x = [T(— g)-P]dv T =[P-P]dv T = 0 
From Eq. 12.27 we get using v = b + RT/P 

dh T = [v-T(|^)p]dP T =[v-T(|)]dP T = bdP T 
From Eq. 12.32 or Eq. 12.34 we get 



= -F dP T= 7T^ dv T 

Now the changes in u, h and s can be integrated to find 

u 2 - u : = 0 

h 2 -h 1 = /bdP = b(P 2 -P 1 ) 

P 2 v 2 - b 

s 2 — Si = -R In 7T = R In — r 
21 Pj vj-b 
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12.71 


Develop expressions for isothermal changes in internal energy, enthalpy and 
entropy for a gas obeying the van der Waals equation of state. 


RT a 

van der Waals equation of state: P = ~ 


(-) - 


R 


ST'V v-b 


/aA /an 

' f\'T - 1 ' ,;t/v 
2 

(u 2 -Ui) t = I [t(||) v - P]dv = 


RT RT a 
v-b v-b + v 2 


r 


a 1 1 

^ dv = a( V^> 


1 


1 1 


(h -h ) T = (u 2 -u ) T + P 2 v 2 - PjV = P^-PjVj + aC---) 


V V 
1 2 


z, 

(S 2- S 1>T = j(f|X dV 


r 


R 


•v„-b 


dv = Rln (^h) 

1 


b uv — XV XXX \ 1 

^v,-b 
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12.72 

Consider the following equation of state, expressed in terms of reduced pressure 

-2 

and temperature: Z = 1 + (P r /14T r )[l - 6T r ]. What does this predict for the 

reduced Boyle temperature? 


_ Pv _ 

Z _ RT - ! + 




"dZ\ 1 

Up J t “ i4P c T r 




To find the Boyle temperature we must have 


Lim 

P^O 


f 7T7\ 


V 


<jL 

8p) 


= 0 at 


Tboyle 


The above derivative is then zero if: 




-» T r = \[6 = 2.45 
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12.73 

Use the result of Problem 12.35 to find the reduced temperature at which the 
Joule-Thomson coefficient is zero, for a gas that follows the EOS given in 
Problem 12.72 


RT 

From Problem 12.35 


P v P r , _6_x 

^ _ RT _ 1 + 14 JV * ' j 2/ 


7 2TT\ 


Mj = 


0T 

0PJh 


T 


v5Ty 


- V 


c, 


RT 2 ( dT} 


PC, 




r VZ> 

v5Ty 


P r -2 - ">' P- 


14T, 


P — C 

p 


t; 2 (i- 6 t; 2 )+ 7^(12 t; 3 /t c ) 


r -2 


-2 


14T, 


T r ( 18 T r -1) 


,-2 


So this is zero for 18 T r =1 or 

T r = Vl8 
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12.74 


What is the Boyle temperature for the following equation of state: 



where a and b are constants. 


a 

v 2 T 


RT a 
P = — r--j- 
v-b v 2 T 

v-b RT a(l-b/v) 

Multiplying by ~y gives: v - b = -jr - PyT 

Using for T Boyle : 

lim ( dZ\ _ lim Z-l __!_lim/ 

~ p^o P-0 - RT P^oV v ' P / 


lim / 
p^o^ v - 



a(l-O) _ 
RTxT 


a 

RT 2 


= 0 at 


T 


Boyle 


or 


T 


Boyle 




27 R 2 Tc 1 8P C 
64 P c RRT C 
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12.75 


Determine the reduced Boyle temperature as predicted by an equation of state (the 
experimentally observed value for most substances is about 2.5), using the van der 
Waals equation and the Redlich-Kwong equation. Note: It is helpful to use Eqs. 
12.47 and 12.48 in addition to Eq. 12.46 


The Boyle temp, is that T at which 


lim /dZ\ Q 

p-KAgp/T u 


But 


lim /dZ\ _ lim Z-d __j_lim/ 
p^tASP'T - P^oP-0 _ RTP^oV v ' p/ 


van der Waals: 


RT a 

p = — r-^ 
v-b v 2 


multiply by p , get 




RT 

a(v-b) 


RT 

a(l-b/v) 

v-b 

“ P 

Pv 2 

or v - 

P =b “ 

Pv 

& 


lim /dZ" 


a(l-O) 

= 0 onlyatT Boyle 

RT x 

P^O^dP' 

) r p — b - 

RT = 



a 

27 



or 

T = = 

Boyle Rb 

00 

H 

n 

ll 

3.375 T c 



Redlich-Kwong: P = r - “7/7 

6 v-b v (v+b)T 1/2 

as in the first part, get 
RT a(l-b/v) 

V " P “ ~Pv(l+b/v)T 1/2 

& RT x p im n (||) T = b - ™ = 0 onl y at T r i 

p^o^sp/f Pv(l+0)T 1/2 B °y le 

3/2 a 0.427 48 R 2 Tc' 2 P c 
or T Boyle - Rb - Rp ^ X 0.08 664RT C 


T 


Boyle 


/ 0.427 48 
^0.086 64 



c 
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12.76 


One early attempt to improve on the van der Waals equation of state was an 
expression of the form 

RT a 


P = 


v-b ’ v 2 T 


Solve for the constants a, b. and v c using the same procedure as for the van der 
Waals equation. 

From the equation of state take the first two derivatives of P with v: 


/<3P\ _ RT 2a 
Va, Jt ~ ' l\2 + 


8 2 P 


and fc)T = - 


2RT 6a 


dv'T '(y-b) 2 v 3 T v 0v 2 ' t (v-b ) J WT 

Since both these derivatives are zero at the critical point: 

2RT 6a 


RT 2a 

9 -I - a — 0 

(v-b) 2 v 3 T 


Also, 


RT 

P C = Vb 


and 


a 


(v-b)' 


v 4 T 


= 0 


v c T 


c 


solving these three equations: 

27 R 2 Tc 


RT 


v c - 3b, a - 64 p 


b = 


c 


c 


8P 


c 
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12.77 

Develop expressions for isothermal changes in internal energy, enthalpy and 
entropy for a gas obeying Redlich-Kwong equation of state. 


Redlich-Kwong equation of state: P = 


RT a 

v - b v(v + b)T 


1/2 


/ap\ r 

\r)T ) V “ v - 


a 


+ 


0T'v v - b ' 2v(v + b)T 3/2 
From Eq. 12.31 


2 

r 


(u 2 -u 1 ) T = 


3a 


v 0 + b y. 
dv = -Tu^i/2 ln [(^~ 


2v(v + b)T 


1/2 


2bT 


v /v v 1 + b 


We find change in h from change in u, so we do not do the derivative in 
Eq. 12.27. This is due to the form of the EOS. 

3a . r/ v 2 + b 


(h 2 -h ] ) T = P 2 v 2 -P 1 v 1 


2bT 


1/2 


in 




Entropy follows from Eq. 12.35 

2 

R a/2 


(s 0 s. ) T — 


,> T - }[ 


+ 


t 


= Rln 


v - b ' v( v + b)T 3/2 
v 2 -b 


] 


dv 


/ v 2 ~ D \ 
tv, - W 


a 

2bT 


3/2 


in 


[(^K^b)] 


Vj + b 
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12.78 

Determine the second virial coefficient B(T) using the van der Waals equation of 
state. Also find its value at the critical temperature where the experimentally 
observed value is about -0.34 RT C /P C . 


From Eq. 12.48: B(T) = - p™ 

From Eq. 12.51: 
van der Waals: 


RT 


a 


where Eq. 12.44: a = - v 


P = 


RT a 


v-b 


v - b = 


v-b V ' 

RT a(v-b) 


which we can multiply by get 


Pv 


or v - 


RT , a(l-b/v) 
P _ b “ Pv 


Taking the limit for P -> 0 then (Pv -> RT and v -> oo ) we get : 


RT C i 27 T 


B(T) - b a/RT - ( 8 64 T 


c 


) 


where a,b are from Eq. 12.52. At T = T c then we have 


RT C 19 
B ^ T c) = ^-64 


RT 


) = -0.297 - p 


c 


c 
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12.79 

Determine the second virial coefficient B(T) using the Redlich-Kwong equation 
of state. Also find its value at the critical temperature where the experimentally 
observed value is about -0.34 RT C /P C . 


From Eq. 12.48: B(T) = - 


lim 

p->o 


a 


RT 

where Eq. 12.44: a = “pp 


- v 


For Redlich Kwong the result becomes 

RT a(l- b/v) 


v - 


= b - 


, 1/2 


r Pv(l + b/v) T 
Taking the limit for P -> 0 then (Pv -> RT and v -> oo ) we get : 

a 


=> B(T) = b - 


RT 


3/2 


Now substitute Eqs. 12.54 and 12.55 for a and b, 

RT - 


Kl f r T r V3/2n 

B(T) = ~p~ [0.08664 - 0.42748 J 


and evaluated at T c it becomes 
RT, 


B(T C ) = [o.08664 - 0.42748] = -0.341 


RT 


c 


c 
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12.80 

Oxygen in a rigid tank with 1 kg is at 160 K, 4 MPa. Find the volume of the tank 
by iterations using the Redlich-Kwong EOS. Compare the result with the ideal 
gas law. 

For the ideal gas law: Pv = RT so v = RT/P 

v = 0.2598 x 160 / 4000 = 0.0104 m 3 /kg ; V = mv = 0.0104 m 3 


For Redlich-Kwong, Eq. 12.53 and oxygen 

P c = 5040 kPa; T c = 154.6 K; R = 0.2598 kJ/kg K 

RT C 0.2598 x 154.6 , 

b = 0.08664 - p- = 0.08664 x = 0.000 690 5 m 3 /kg 


r 2 t 5/2 

a = 0.427 48 — = 0.427 48 x 

* C 


0.2598 2 x 154.6 572 
5040 


1.7013 


RT a 

v-b“ v (v+b)T 1/2 


trial and error to get v due to nonlinearity 


v = 0.01 m 3 /kg => 
v = 0.008 m 3 /kg => 
v = 0.0075 m 3 /kg => 
v = 0.007 m 3 /kg => 


P = 4465.1 - 1279.9 = 3185.2 kPa too low 
P = 5686.85 - 1968.1 = 3718.8 kPa too low 
P = 6104.41 - 2227.43 = 3876.98 kPa 
P = 6588.16 - 2541.70 = 4046.46 kPa 


Now we interpolate between the last two entries and check 

v = 0.00714 m 3 /kg => P = 6445.15 - 2447.3 = 3997.8 kPa OK 
V = mv = 0.00714 m 3 (69% of the ideal gas value) 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.81 

A flow of oxygen at 230 K, 5 MPa is throttled to 100 kPa in a steady flow 
process. Find the exit temperature and the specific entropy generation using 
Redlich-Kwong equation of state and ideal gas heat capacity. Notice this becomes 
iterative due to the non-linearity coupling h, P, v and T. 


C.V. Throttle. Steady single flow, no heat transfer and no work. 
Energy eq.: hj + 0 = h 2 + 0 so constant h 

Entropy Eq.: Sj + s gen = s 2 so entropy generation 

Find the change in h from Eq. 12.26 assuming C p is constant. 

„ RT a 

Redlich-Kwong equation of state: P = y ^ “ + b)T 1/2 


/SP\ R a 

V<3T^v _ v - b + 2v(v + b)T 3/2 

From Eq. 12.31 


2 

r 


(u 2 - u 1 ) x = 


3a 

2v(v + b)T 


1/2 


dv = 


-3 a 


2bT 


1/2 


v, + b 

ln[(A— )( 


V 


v /v v 1 + b 


)] 


t 

We find change in h from change in u, so we do not do the derivative in 
Eq. 12.27. This is due to the form of the EOS. 

(h 2 - h x ) T = P 2 v 2 - P lVl - ^ln[(^)(^)] 

Entropy follows from Eq. 12.35 

2 


(^2 — 


it* 


+ 


a/2 

v(v + b)T 3/2 



t 



T r = 154.6 K; 


P c = 5040 kPa; 

RT C 0.2598 x 154.6 , 

b = 0.08664 -t— = 0.08664 x A AAA ^ AA c ~ 3 


5040 


R = 0.2598 kJ/kg K 
= 0.000 690 5 m 3 /kg 


a = 0.427 48 


rV 2 


= 0.427 48 x 


0.2598 2 x 154.6 572 
5040 


= 1.7013 


We need to find T 2 so the energy equation is satisfied 
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h 2 - hi - h 2 - h x + h x - h! - C p (T 2 - Tj) + (h 2 - hi)x - 0 

and we will evaluate it similar to Fig. 12.4, where the first term is done from state 
x to 2 and the second term is done from state 1 to state x (at = 230 K). We do 

this as we assume state 2 is close to ideal gas, but we do not know T 2 . 

We first need to find V! from the EOS, so guess v and find P 

V! = 0.011 m 3 /kg => P = 5796.0 - 872.35 = 4924 too low 

v 1 = 0.01082 m 3 /kg => P = 5899.0 - 900.7 = 4998.3 OK 
Now evaluate the change in h along the 230 K from state 1 to state x, that requires 
a value for v x . Guess ideal gas at T x = 230 K, 

v x = RT x /P 2 = 0.2598 x 230/100 = 0.59754 m 3 /kg 
From the EOS: P 2 = 100.1157 - 0.3138 = 99.802 kPa (close) 

A few more guesses and adjustments gives 

v x = 0.59635 m 3 /kg; P 2 = 100.3157 - 0.3151 = 100.0006 kPa OK 

3a IY v x + b \/ v i 

(h x - hi) T = P x v x - PiVi - l n L v \T / V^b) J 

0.59704 0.01082 

= 59.635 - 5000 x 0.01082 - 243.694 In [q 59635 x q 0 1 1 5 ] J 
= 59.635 - 54.1 + 14.78335 = 20.318 kJ/kg 


From energy eq.: T 2 = Tj - (h x - h^-j/Cp = 230 - 20.318 / 0.922 = 208 K 

Now the change in s is done in a similar fashion, 

Sgen — — — (S x — Si) T + S 2 — S x 


~ a 

= R lnl r ) - ~ In 
v Vj-b' 2bT 3/ “ 


v„ + b 


)(^)] 


■vj +b/J +C p ln T, 


0.59566 208 

= 0.2598 ln( 001012 9 5 ) - 0.35318 ln (0.94114) + 0.922 ln(^) 

= 1.05848 + 0.021425 - 0.092699 


= 0.987 kJ/kg K 
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Generalized Charts 
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12.82 

How low should the pressure be so that nitrous oxide (N 2 0) gas at 278.6 K can be 
treated as an ideal gas with 5% accuracy or better? 

278 6 

From Table A.2: T c = 309.6 K, P c = 7.24 MPa => T rl =^^ = 0.9 

Look in Fig. D.l following the curve T j = 0.9 to the point where Z = 0.95 

P =0.125 

rl 

SO 

P < 0.125 x 7.24 MPa = 0.9 MPA = 900 kPa 
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12.83 

Nitrous oxide (N 2 0) at 278.6 K is at a pressure so that it can be in a two-phase 

state. Find the generalized enthalpy departure for the two saturated states of liquid 
and vapor. 


From Table A.2: T c = 309.6 K, P c = 7.24 MPa => T fl 

From Fig. D.2: 

Saturated liquid: (h*- h f )/RT c = 4.08; 

Saturated vapor: (h*- h g )/RT c = 0.875 


278.6 _ 

309.6 _0 - 9 
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12.84 

Find the heat of evaporation, hf g , for R-134a at 0°C from the generalized charts 
and compare to the value in Table B.5. 

273.15 

From Table A.2: T c = 374.2 K, P c = 4.06 MPa => T fl = 3?4 2 = 0.73 

From Fig. D.2: 

Saturated liquid: (h - h f )/RT c = 4.7 ; 

Saturated vapor: (h*- h g )/RT c = 0.3 

h fg = h g - h f = RT C [-0.3 - (-4.7)] = 4.4 RT C 

= 4.4 x 0.08149 x 374.2 = 134.2 kj/kg 
Table B.5.1: h fg = 198.36 kj/kg 

The approximation is not very good and can be improved by using the 
accentric factor. 
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12.85 


A 200-L rigid tank contains propane at 9 MPa, 280°C. The propane is then 
allowed to cool to 50°C as heat is transferred with the surroundings. Determine 
the quality at the final state and the mass of liquid in the tank, using the 
generalized compressibility chart, Fig. D.l. 

Propane C 3 H g : V = 0.2 m 3 , P, =9 MPa, Tj = 280°C = 553.2 K 

cool to T 2 = 50 °C = 323.2 K 

From Table A.2: T c = 369.8 K, P c = 4.25 MPa 


9 553 2 

P n = 425 = 2 - 118 ’ T n = m8 =L496 From Fig. D.l: Z : 


_ Z i RT i _ 0.825x0,188 55x553.2 
v 2“ v i- P 1 - 9 000 

From Fig. D.l at T. 2 = 0.874, 


= 0.00956 m 3 /kg 


P =0.45 x 4250= 1912 kPa 

CjZ 

v G9 = 0.71 x 0.188 55 x 323.2/1912 = 0.02263 m 3 /kg 
v p2 = 0.075 xO.188 55x 323.2/1912 = 0.00239 m 3 /kg 
0.00956 = 0.002 39 + x,(0.02263 - 0.00239) => x 2 = 0.354 
m LiQ 2 = (l-0.354)x0. 2/0.00956 = 13.51 kg 


0.825 


These tanks 
contain liquid 
propane. 
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12.86 

A rigid tank contains 5 kg of ethylene at 3 MPa, 30°C. It is cooled until the 
ethylene reaches the saturated vapor curve. What is the final temperature? 


c 2 h 4 



V = const m = 5 kg 

P 1 = 3MPa Tj = 30 °C = 303.2 K 

cool to x 9 = 1.0 

3 303.2 

P n “ 5.04 -°- 595 ’ T ri “282.4“ 1-074 

Fig. D.l: Zj = 0.82 


Final state: x = 1, v 2 = Vj 

Pv = ZRT so take the ratio between the two states 


Z T 

P o = P ===^ = 0.595 

r2 rl Z, 1 , 

1 rl 


7 T 

02 r2 -n ^ 7 T 
0.82x1.074 u - D/3DA G2 1 r2 


Trial & error, Table D.4 may be easier to use than Fig. D.l: 



0.866 


G2 

0.72 


r2 

0.42 


P 

r2 CALC 

0.421 ~ OK =>T 0 = 244.6 K 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 




Borgnakke and Sonntag 


12.87 

The new refrigerant R-152a is used in a refrigerator with an evaporator 

temperature of -20°C and a condensing temperature of 30°C. What are the high 
and low pressures in this cycle? 


Since we do not have the printed tables for R-152a we will use generalized charts. 
The critical properties are: T c = 386.4 K, P c = 4.52 MPa. 

Evaporator: 

T r| = T/T c = (273.15 - 20)/386.4 = 0.655 

Fig. D. 1 : P~ xi ~ P i P, = 0.06 x 4.52 = 0.271 MPa 

° G T1 rl sat L 

Condenser: 

T 2 = T/T c = (273.15 + 30)/386.4 = 0.785 

Fig. D. 1 : P_ „ = P . P c = 0.22 x 4.52 = 0.994 MPa 

° G T2 r2 sat L 
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12.88 

A 4-m 3 storage tank contains ethane gas at 10 MPa, 100°C. Use Lee-Kesler EOS 
and find the mass of the ethane. 


The Lee-Kesler EOS is shown as the generalized charts. 

Table A.2: T c = 305.4 K, P c = 4.88 MPa, Table A.5: R = 0.2765 kJ/kg-K 
The reduced properties are: 


P rl “ 4.88 “ 2 ' 05, T rl “ 


373.15 

305.4 


= 1.22 O Fig. D.l: Z = 0.56 


PV _ 10 000x4 

m - ZRT “ 0.56 x 0.2765 x 373.15 " 692,3 kg 
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12.89 

The ethane gas in the storage tank from the previous problem is cooled to 0°C. 
Find the new pressure. 

273.15 

The new final state is given by: (T 0 , v 9 = Vj) T 4 = 0.8944 

Since Z and P are unknown this becomes trial and error solution. 

P 2 / Z 2 = mRT 2 /V = 692.3 x 0.2765 x 273.15 /4 = 13071.7 kPa 

Assume it is saturated P r2 = 0.53 (see Fig. D.l), Z g = 0.67, Z f = 0.09 
P 2 = 0.53 x 4880 = 2586 kPa and 
Z 2 = P 2 / 13071.7 =0.198 (two phase OK) 

Ans.: P ? = 2586 kPa 
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12.90 

Use CATT3 to solve the previous two problems when the acentric factor is used 
to improve the accuracy. 


Problem 12.88: 

The Lee-Kesler EOS is shown as the generalized charts. 

Table A.2: T c = 305.4 K, P c = 4.88 MPa, Table A.5: R = 0.2765 kJ/kg-K 

Table D.4: co = 0.099 
The reduced properties are: 

10 373.15 

P n = 488 = 2 - 05 ’ T n = l05X =1 - 22 ° CATT3: Z = 0.605 

_ PV _ 10 000x4 

m - ZRT “ 0.605 x 0.2765 x 373.15 “ 640,8 kg 


Problem 12.89: 

273.15 

The new final state is given by: (T 9 , v 9 = Vj) T f2 = 4 = 0.8944 

Since Z and P are unknown this becomes trial and error solution. 

P 2 / Z 2 = mRT 2 /V = 640.8 x 0.2765 x 273.15 /4 = 12099.3 kPa 

Assume it is saturated vapor P r2 = 0.483 (CATT3), Z g = 0.69, Z f = 0.078 
P 9 = 0.483 x 4880 = 2357 kPa and 
Z 2 = P 9 / 12 099.3 = 0.1948 (two phase OK) 

Ans.: P 9 = 2357 kPa 
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12.91 

A geothermal power plant uses butane as saturated vapor 80°C into the turbine 
and the condenser operates at 30°C. Find the reversible specific turbine work. 



c 4 H io c y cle 


Tj = 80 °C, = 1.0 ; T 3 = 30°C, x 3 = 0.0 


_ 353.2 
T n “425.2 


0.831 


From D.l, D.2 and D.3: 

P l = 0.325 x 3800 = 1235 kPa 

(hi-hj) = 0.143 04x425.2x0.56 = 34.1 


(sj-Sj) = 0.143 04x0.475 = 0.0680 


303.2 _ 

T r3“ 425.2“ 0-713 

From D.l, D.2 and D.3: P 3 = 0.113x3800 = 429 kPa 

sat. liq. : (h*- h f ) = RT c x4.81 = 292.5 ; (s' 

sat. vap.: (h*- h g ) = RT c x0. 235 = 14.3 ; (s' 


s f ) = Rx6.64 = 0.950 

s g ) = Rx0.22 = 0.031 


Because of the combination of properties of C 4 H 1Q (particularly the large C p() /R), 
s ( is larger than s g at T r To demonstrate, 

* * 353.2 1235 

( s i- s g 3 ) = 1.7164 In 2 Q 2 2 ' 0-143 04 In ^9 = 0.1107 


(s r s g3 ) = -0.0680 + 0.1107 + 0.031 = +0.0737 kJ/kg K 



so that T og will be > T v as shown in the T-s 

diagram. A number of other heavy hydrocarbons 
also exhibit this behavior. 
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Solution 12.91 Continued. 

Assume T oc = 315 K, => T . _ = 315 / 425.2 = 0.741 

2S r2S 

From D.2 and D.3: 

(h 2S - h 2S ) = RT c x0 - 21 = 12. 8 and (s 2S - s 2S ) = RxO. 19 = 0.027 

* * 353 2 1235 

(si - s 2S ) = 1.7164 In 2^5 - 0.143 04 In ^ g = +0.0453 

(Sj - s 2S ) = -0.0680 + 0.0453 + 0.027 * 0 
^T os = 315K 

(hj - h 2S ) = 1.7164(353.2-315) = 65.6 

w ST = hj - h 9S = -34.1 + 65.6 + 12.8 = 44.3 kj/kg 
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12.92 


Consider the following EOS, expressed in terms of reduced pressure and 
temperature: 


Z= 1 + 


14 T, 


0 -^) 


T, 


What does this equation predict for enthalpy departure from the ideal gas value at 
the state P r = 0.4, T r = 0.9 ? What is it from the generalized charts? 

_ Pv _ P r , _6_x 

Z _ T?T - 1 + 14 T .^ " -p 2/ 


RT 

RT RT 


6T, 


V = 


c / __c\ 

+ 14P V 1 ' rrZ ) '■> 


T* 


r 

vdTy 


R 12RT; 


p P + 14P„T 3 


v-T 


r dv ^ 

v5T y 


RT C 1 8RT C 


p 14P C 14P T 2 


Now Eq. 12.27 is integrated with limits similar to Eq. 12.62 


h - h* = J* [v - T 


dv 

oT)p 


0 


1 RT C/ 18 N 

]dP = 15-( 1 '7l)Pr = -«-<»6RT, 


Evaluate at P r = 0.4, T r = 0.9 from Fig. D2 to get 

h - h* = - (h - h) ~ -0.6 RT C 

This result matched with in the accuracy the figure can be read. 
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12.93 

Consider the following equation of state, expressed in terms of reduced pressure 
and temperature: 

2=1 + 14T,. "" 72 ) 

r A r 

What does this equation predict for entropy departure from the ideal gas value at 
the state P r = 0.4, T r = 0.9 ? 


The entropy departure is the change in s for a real gas minus the change in s 
for an ideal gas, so from Eq. 12.32 and eq.6.14 we get 


* dT 
d(s - s ) = C p "^r 


7 A 


Gv 

&T) 


r dT R 1 r R 
dP • [ C D T - p dp] — [ p — 


0V 

of) p 


] dP 


p - P T P J “ L P 
Solve now for v from the compressibility factor ( Z = Pv/RT) to get 

Pv 


V 


7 - 

RT 

RT RT^ 
14P„ 


= 1 + 


P v(i-A 


14 T 


6T, 


+ 


0-^); 


T 


r d\ 

IstJ 


_r 12RT C 
p _ P + 14P..T 3 


P rR 


s - s 


=;t 


dv 

oTjp 


] d p=j[ 


12RT C 

14P.T 3 


1 6 

J dP = - y R 


0 0 
Evaluate at P r = 0.4, T r = 0.9 to get 

s - s* = -0.4703 R 


t; 
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12.94 

A very low temperature refrigerator uses neon. From the compressor the neon at 
1 .5 MPa, 80 K goes through the condenser and comes out at saturated liquid 40 K. 
Find the specific heat transfer using generalized charts. 

80 1.5 

State 1: 80 K, 1.5 MPa: T fl =^= 1.802, P ri = 276 = 0.543 
State 2: 40 K, x = 0: T = 0.90, P 0 = 0.532 

r2 r2 

The enthalpy departure chart Fig. D.2: 

(h*- h)j = 0.22 RT C , (h*- h) 2 = 4.10 RT C 

h 2 - hj = 1.03 (40 - 80) = -41.2 kJ/kg 

h 2 - h t = h 2 - h* - (h*- h) 2 + (h*- h), 

= -41.2 + 0.412 x 44.4 (-4.10 + 0.22) = -112.2 kJ/kg 
q = h 0 - h l = -112.2 kJ/kg 
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12.95 

Repeat the previous problem using CATT3 software for the neon properties. 
From CATO: hj = 138.3 kJ/kg, h 2 = 30.24 kJ/kg (P = 1.46 MPa) 

q = h 2 - h { = 30.24 - 138.3 = -108.1 kJ/kg 
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12.96 

A piston/cylinder contains 5 kg of butane gas at 500 K, 5 MPa. The butane 
expands in a reversible polytropic process to 3 MPa, 460 K. Determine the 
polytropic exponent n and the work done during the process. 


C 4 H 1() m = 5 kg Tj = 500 K P, = 5 MPa 
Rev. polytropic process: Pj v” = PW2 


T . = 


500 


n - 425^2 = 1-176, P n = 3~8 = L316 From Fig. D.l: 


T _ = 


460 


3 


r2 - 425~2 = P082, P r2 = 3~8 =0 - 789 From Fig. D.l: 
mZRT 5 x 0.68 x 0. 1430 x 500 


V i= P 


V 2= P 


5000 

mZRT 5 x 0.74 x 0. 1430 x 460 


3000 


= 0.0486 m 3 


= 0.0811 m 3 


Z 

z 


0.68 

0.74 


Solve for the polytropic exponent, n, as 

, 5 0.0811 

n = ln(P/P 2 ) / InOyVj) = In (3) / In = 0.9976 


2 P 2 V 2 - p i Vj 3000x0.08 1 1 - 5000x0.0486 
1 W 2 = / MV = Ul = 

l 


1 - 0.9976 


= 125 kj 
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12.97 

Calculate the heat transfer during the process described in Problem 12.96. 
From solution 12.96, 

Vj = 0.0486 m 3 , V 2 = 0.0811m 3 , : W 2 = 125 kJ 

500 5 

T fl = 425 2 = 1-176, P rl = 3~g = 1-316 From Fig. D.l: Z^O.68 

T 2 = 1.082, P r2 = 0.789, T 2 = 460K 
From Fig. D.2: (h*- h^ = 1.30 RT C , (h*- h) 2 = 0.90 RT C 

hi - hj = 1.716(460 - 500) = -83.1 kJ/kg 

8 3145x425 2 

h 2 - ^ = -83.1 + 5g 124 (-0.90 + 1.30) = -58.8 kJ/kg 

U 2 - Uj = m(h 2 - hj ) - P 2 V 2 + P lVl 

= 5(-58.8) - 3000 x 0.081 1 + 5000 x 0.0486 = -288.3 kJ 
^2 = U 2 - Uj + ,W 2 = -174.3 kJ 
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12.98 

An ordinary lighter is nearly full of liquid propane with a small amount of vapor, 

o 

the volume is 5 cm , and temperature is 23°C. The propane is now discharged 
slowly such that heat transfer keeps the propane and valve flow at 23°C. Find the 
initial pressure and mass of propane and the total heat transfer to empty the 
lighter. 

Propane C 3 H g Tj = 23°C = 296.2 K = constant, xi = 0.0 
V = 5 cm 3 = 5x 10' 6 m 3 , T = 296.2/369.8 = 0.804 

1 rl 

From Figs. D.l and D.2, 

p = P^ = 0.25x4.25 = 1.063 MPa, Z. = 0.04 

1 Lr 1 1 1 

(hj-hj) = 0.188 55x369.8x4.51 = 314.5 

_ P i V i _ 1063x5xlQ~ 6 

m i _ ZjRTj “ 0.04x0.188 55x296.2 “ °‘ 00238 k § 

State 2: Assume vapor at 100 kPa, 23°C ideal gas so no corrections 
Therefore, m ? much smaller than m } ( ~ 9.0 x 10' 6 kg) 

Q cv =m 2 u 2 -m lUl +m e h e 

= m 2 h 2 - mjhj - (P 2 -Pj)V + (n^-m^h, 

= m 2 (h 2 -h e ) + m^^-hj) - (P 2 -P ) )V 
(h e -h L ) = 0 + 0 + 314.5 

Q cy = » 0 + 0.00238(314.5) - (100 -1063)x5xl0‘ 6 = 0.753 kj 


Actual lighters use 
butane and some 
propane. 
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12.99 

250-L tank contains propane at 30°C, 90% quality. The tank is heated to 300°C. 
Calculate the heat transfer during the process. 



T rl = 0.82 — » Fig. 
Z, = (1- Xj) Z fl + x 


V = 250 L = 0.25 m 3 

Tj = 30 °C = 303.2 K, = 0.90 

Heat to T 2 = 300 °C = 573.2 K 
M = 44.094, T c = 369.8 K, P c = 4.25 MPa 
R = 0.188 55, C pQ = 1.6794 

D.l: 

, Z =0.1 x 0.05 +0.9 x 0.785 = 0.711 
i gi 


h r h 

Fig D.2: -jjfi ~ =0.1 x 4.43 +0.9x0.52 = 0.911 

C 

P r SAT = 0.30 Pi AT = 1 .275 MPa 
1275x0,25 

m_ 0.711x0.188 55x303.2 ~ 1M1 k § 
7.842xZ 2 x0.188 55x573.2 Z 0 
P r2 = 0.25x4250 = 1.254 


at T , = 1.55 Trial and error onP, 

r2 r2 

P r2 = 0.743 => P 2 = 3.158 MPa, Z 2 = 0.94 , (h*- h) 2 = 0.35 RT C 

(ho-h,) = 1.6794(300-30) = 453.4 kJ/kg 

(hJ-hj) = 0.911x0.188 55x369.8 = 63.5 kJ/kg 

(h 2 -h 2 ) = 0.35x0.188 55x369.8 = 24.4 kJ/kg 

Q 12 = m(h 2 -h 1 ) - (P 2 -P 1 )V = 7.842(-24.4+453.4+63.5) - (3158-1275)x0.25 
= +3862 -471 =3391 kj 
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12.100 

Find the heat of evaporation, h fg , for isobutane (T c = 408.2 K, P c = 3.65 MPa, M 

= 58.124) at 12.6°C from the generalized charts and compare to the values in the 
CATT3 computerized tables. 

To read the charts we need the reduced temperature 

T rl = T/T c = (12.6 + 273.15)/408.2 = 0.70 

(h*- h) g = 0.2 RT C ; (h*- h) f = 4.85 RT C 

h fg = h g - h f = - (h*- h) g - (h- h) f = (-0.2 + 4.85) RT C 

= 4.65 RT C = 4.65 x (8.3145/58.124) x 408.2 

= 271.5 kj/kg 

CATT3: h fg = -25.62 + 368.7 = 343 kj/kg 

The generalized charts are not super accurate, some improvement can be done 
using the accentric factor. 
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12.101 


A cylinder contains ethylene, C 2 H 4 , at 1.536 MPa, -13°C. It is now compressed 

isothermally in a reversible process to 5.12 MPa. Find the specific work and heat 
transfer. 


Ethylene C 2 H 4 P, = 1.536 MPa , T 2 = T, = -13°C = 260.2 K 
T r2 = T rl = 260.2/ 282.4 = 0.921 , P rl = 1.536 / 5.04 = 0.305 
From D.l, D.2 and D.3: Z^O.85 

(hi-hj) = 0.2964x282.4x0.40 = 33.5 and (sJ-Sj) = 0.2964x0.30 = 0.0889 
From D.l, D.2 and D.3: Z 2 = 0.17, P r2 = 5.12/5.04 = 1.016 (comp, liquid) 

(h 2 -h 2 ) = 0.2964x282.4x4.0 = 334.8 and (s 2 -s 2 ) = 0.2964x3.6 = 1.067 


* * 


* * 


5.12 


Ideal gas: (t^-tq) = 0 and (s 2 -S|) = 0 - 0.2964 In = -0.3568 


192 = T(s 2 -s 1 ) = 260.2(- 1.067 - 0.3568 + 0.0889) = -347.3 kj/kg 
(h 2 - hj) = -334.8 + 0 + 33.5 = -301.3 kJ/kg 

(u 2 - u t ) = (h 2 -h ! ) - RT(Z 2 -Z,) = -301.3 - 0.2964x260.2(0.17-0.85) = -248.9 
|W 2 = jq 2 - (u 2 - = -347.3 + 248.9 = -98.4 kj/kg 
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12.102 

Saturated vapor R-410A at 30°C is throttled to 200 kPa in a steady flow process. 
Calculate the exit temperature assuming no changes in the kinetic energy, using 
the generalized charts, Fig. D.2 and the R-410A tables, Table B.4. 

R-410A throttling process 

Energy Eq.: h 2 - hj = 0 = (h 2 - h 2 ) + (h 2 - hj) + (hj - hp 

Generalized Chart, Fig. D.2, R = 8.31451/72.585 = 0.11455 kJ/kg-K 
303 2 * 

T ri = 3445 = 0 - 88 => (hj-hj) = 0.1 1455 x 344.5 (0.85) = 33.54 kJ/kg 
For C pQ , use h values from Table B.4 at low pressure. 

C pQ * (330.83 - 314.40) / (40 - 20) = 0.8215 kJ/kg K 

Substituting: (h 9 -h 2 ) + 0.8215 (T ? -30) + 33.54 = 0 
at P . = 200/4900 = 0.041 

r2 

Assume T. = -10°C => T . = 263.2/344.5 = 0.764 

2 r2 

(h 2 -h 2 ) = RT x 0.1 = 0.11455 x 344.5 (0.1) = 3.95 

Substituting : -3.95 + 0.8215 (-10 - 30) + 33.54 = -3.27 

Assume T 0 = -5°C => T = 268.2/344.5 = 0.778 

2 r2 

(h 2 -h 2 ) = RT x 0.1 = 0.11455 x 344.5 (0.1) = 3.95 
Substituting : -3.95 + 0.8215 (-5 - 30) + 33.54 = 0.84 

=> T 2 = -6.0 °C 

R-410A tables, B.4: at = 30°C, x 1 = 1.0 => hj = 284.16 kJ/kg 
h, = h = 284.16 , P 0 = 0.2 MPa => T 0 = -13.4 °C 
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12.103 

Repeat Problem 12.91 using CATT3 and include the acentric factor for butane to 
improve the accuracy. 



c 4 H io c y cle 

Tj =80°C,x 1 = 1.0 ; T 3 
353.2 

T n “425.2“ 0-831 


30°C, x 3 = 0.0 


From CATT3 with co = 0. 199: 

Pj = 0.2646 x 3800 = 1005 kPa 

(hj-hj) = 0.1430 x 425.2x0.5685 = 34.6 

(si-s ) = 0.1430 x 0.4996 = 0.0714 


_ 303.2 
T r3“ 425.2 


0.713 


From CATT3 with co = 0. 199: P 3 = 0.07443 x 3800 = 282.8 kPa 

sat. liq.: (h*- h f ) = RT c x6.048 = 367.74 ; (s*- s f ) = Rx8.399 = 1.201 

sat. vap.: (h*- h g ) = RT c x0.202 = 12.28 ; (s*- s g ) = Rx0.201 = 0.0287 

Because of the combination of properties of C 4 H ]() (particularly the large C p() /R), 
Sj is larger than s g at T r To demonstrate, 

* * 353.2 1005 

( s i- s g 3 ) = 1.716 In 2 q ^2 - 0.1430 In g = 0.0806 

(s r s g3 ) = -0.0714 + 0.0806 + 0.0287 = +0.0379 kJ/kg K 



so that T og will be > T v as shown in the T-s 

diagram. A number of other heavy hydrocarbons 
also exhibit this behavior. 
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Solution 12.103 continued. 

425.2 = 0.741 

and (s 2 s - s 9§ ) = RxO. 1746 = 0.025 

* * 353.2 1005 

(si - s 2 s) = 1.716 In 2^5 - 0.1430 In 2^2 8 = +0-01509 

(s 1 - s ls ) = -0.0714 + 0.01509 + 0.025 = -0.031 
Repeat at T\ s = 310 K to get T f2s = 0.729, 

(h 2S - h 2S ) = RT c x0. 1907 = 11.595 and (s 2S - s 2§ ) = RxO. 1853 = 0.0265 

* * 353.2 1005 

( s i ' s 2 s) = 1-716 In 31 Q - 0.1430 In 2 g 2 g = +0.04255 

(s 1 - s 2S ) = -0.0714 + 0.04255 + 0.0265 = -0.0023 very close to 0, OK 
=> T os = 310 K 

(hi - h 2S ) = 1.716 (353.2 - 310) = 74.13 

w ST = hj - h 9S = -34.6 + 74.13 + 11.6 = 51.1 kj/kg 


Assume T.„ = 315 K, => T„ =315/ 

2S r2S 

From CATT3: 

( h 2S - h 2S ) = RT c x0.183 = 11.13 
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12.104 


A cylinder contains ethylene, C 9 H 4 , at 1.536 MPa, -13°C. It is now compressed 

in a reversible isobaric (constant P) process to saturated liquid. Find the specific 
work and heat transfer. 


Ethylene C 9 H 4 ; P 1 = 1.536 MPa = P 9 , Tj = -13°C = 260.2 K 

State 2: saturated liquid, ^ = 0-0 

260.2 1.536 

T rl " 282.4 " 0-921 P rl “ P r2 - 5.04 " 0 ' 305 

From Figs. D.l, D.2: Z. = 0.85 , (hj - h.)/RT = 0.40 

JL JL O 

Z i RT i 0.85x0.29637x260.2 


v i _ P 


1536 


= 0.042675 


(h, - hj) = 0.296 37 x 282.4 x 0.40 = 33.5 


From Figs. D.l, D.2: T 9 = 0.824x282.4 = 232.7 K 
Z 9 = 0.05 , (h 2 - h 2 )/RT c = 4.42 



Z 2 RT 2 


0.05x0,29637x232.7 

1536 


= 0.002245 m 3 /kg 


(h 2 - h 9 ) = 0.296 37 x 282.4 x 4.42 = 369.9 

(h 2 - hj) = C po (T 9 - T l ) = 1.5482(232.7 - 260.2) = -42.6 

w p = / Pdv = P(v 2 - Vj ) = 1536 kPa (0.002 245 - 0.042 675) m 3 /kg 

= -62.1 kj/kg 

q 12 = ( u 2 ' U i' ) + w i 2 = ^2 " ^i) = -369.9 - 42.6 + 33.5 

= -379 kj/kg 
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12.105 

Refrigerant- 123, dichlorotrifluoroethane, which is currently under development as 
a potential replacement for environmentally hazardous refrigerants, undergoes an 
isothermal steady flow process in which the R-123 enters a heat exchanger as 
saturated liquid at 40°C and exits at 100 kPa. Calculate the heat transfer per 
kilogram of R-123, using the generalized charts, Fig. D.2 


R-123: M= 152.93, T c = 456.9 K, P c = 3.67 MPa 



T 1 = T 2 = 40°C, x 1 = 0 
P 2 = 100 kPa 


T rl = T r2 = 313.2/456.9 = 0.685, P r2 = 0.1/3.67 = 0.027 

From Fig. D.2: P rl = 0.084, (h* - h)j/RT c = 4.9 

From D.l: saturated P, = 0.084x3670 = 308 kPa 

P 2 < Pj with no work done, so process is irreversibel. 

Energy Eq.: q + h^t^, Entropy Eq.: si + j dq/T + s gen = S 2 , s gen > 0 

From Fig. D.2: (h*- h) 2 /RT c = 0.056 

q = h 2 - hi = 8.3145 x 456.9 [-0.056 + 0 + 4.90]/l52.93 = 120.4 kj/kg 
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12.106 


Carbon dioxide collected from a fermentation process at 5°C, 100 kPa should be 
brought to 243 K, 4 MPa in a steady flow process. Find the minimum amount of 
work required and the heat transfer. What devices are needed to accomplish this 
change of state? 

278.2 100 

T ri - 304.1 -°- 915 ’ P ri “ 7380 _ °- 0136 

From D.2 and D.3 : (h*-h) /RT„ = 0.02, (s*-s) ri /R = 0.01 

n ^ 

243 4 

T = qTvTT = 0-80, P = ~ = 0.542 
re 304.1 re 7.38 

From D.2 and D.3: (h*-h) /RT n = 4.5 , (s*-s) re /R = 4.74 

re ^ 

(h.-h e ) = - (h*-h.) + (h* -h e *) + (h e *-h e ) 

= - 0.188 92x304.1x0.01 + 0.8418(278.2-243) 

+ 0.188 92x304.1x4.5 = 287.6 kJ/kg 

* * * * 

( s i- s e ) = - ( s i - s j) + (Si -S e ) + (S e -S e ) 

= - 0.188 92x0.01 + 0.8418 ln(278.2/243) 

- 0.188 92 ln(0. 1/4) + 0.188 92x4.74 = 1.7044 kJ/kg K 
w rev = (h.-h e ) -T 0 (s.-s e ) = 287.6 - 278.2(1.7044) = -186.6 kJ/kg 

q rev = (h -h.) + w rev = -287.6 -186.6 = -474.2 kJ/kg 

We need a compressor to bring the pressure up and a cooler to bring the 
temperature down. Cooling it before compression and intercooling between 
stages in the compressor lowers the compressor work. In an actual set-up we 
require more work than the above reversible limit. 
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12.107 


Determine how accurate the generalized chart is for the carbon dioxide process in 
Problem 12.106 by using the CATT3 software for the carbon dioxide properties. 

From the CATT3 software: 

Inlet superheated vapor h. = 376.1 kJ/kg and s. = 2.015 kJ/kg-K 
Exit compressed liquid h = 20.21 kJ/kg and s = 0.07349 kJ/kg-K 

w rev = (h. - h e ) - T 0 (s. - s e ) = 376.1 - 20.21 - 278.2 (2.015 - 0.07349) 

= -184.1 kJ/kg 

q rev = (h^ - h.) + w rev = (20.21 - 376.1) - 184.1 = -540 kJ/kg 

The work is very accurate but the heat transfer a little less so. The enthalpy and 
entropy differences are both under-estimated by the generalized charts. 
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12.108 


A geothermal power plant on the Raft River uses isobutane as the working fluid. 
The fluid enters the reversible adiabatic turbine at 160°C, 5.475 MPa, and the 
condenser exit condition is saturated liquid at 33°C. Isobutane has the properties 
T c = 408.14 K, P c = 3.65 MPa, C P0 = 1.664 kJ/kg K and ratio of specific heats k = 

1.094 with a molecular weight as 58.124. Find the specific turbine work and the 
specific pump work. 

Turbine inlet: Tj = 160°C , P, = 5.475 MPa 


Condenser exit: T 3 = 33°C , x 3 = 0.0, T r3 = 306.2 / 408.1 = 0.75 
From Fig. D.l: 

P r3 = 0.16, Z 3 = 0.03 => P 2 = P 3 = 0.16 x 3.65 = 0.584 MPa 

T rl = 433.2/ 408.1 = 1.061, P rl = 5.475 / 3.65 = 1.50 
From Fig. D.2 & D.3: 

(hj - hj) = 0.143 05x408.1x2.84 = 165.8 

(si - s | ) = 0.143 05x2.15 = 0.3076 

* * 306.2 0.584 

(s 2 - = 1.664 In ^3 ^ - 0.143 05 In ^ 473 = -0.2572 


* * 

(s 2 - s 2 ) = (s 2 - S F2 ) - x 2 S FG2 

= 0.143 05x6.12 - x 2 x0.143 05(6.12-0.29) = 0.8755 - x,x0.8340 


(s 2 - Sl ) = 0 = -0.8755 + x 2 x 0.8340 - 0.2572 + 0.3076 => x 2 = 0.99 
(h 2 - hj) = C p 0 (T o - Tj) = 1.664(306.2 - 433.2) = -21 1.3 


From Fig. D.2:, 

(h 2 - h 2 ) = (h 2 - h F2 ) - x 2 h FG2 = 0.143 05x408.1 [4.69-0.99(4.69-0.32)] 
= 273.8-0.99 x 255.1 = 21.3 


Turbine: 

Pump: 

w P = - 


w x = (hi - h 2 ) = -165.8 + 211.3 + 21.3 = 66.8 kJ/kg 



z F3 RT 3 _ 0.03x0,143 05x306.2 
P 3 - 584 


0.00225 


J v dP « v F 3 (P 4 - P 3 ) = -0.00225 (5475-584) = -11.0 kJ/kg 
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12.109 

A flow of oxygen at 230 K, 5 MPa is throttled to 100 kPa in a steady flow 
process. Find the exit temperature and the entropy generation. 

Process: Throttling 
Small surface area: Q = 0; 

No shaft: W = 0 

Irreversible: S gen > 0 

We will solve the problem using generalized charts. 

230 5 0.1 

T r i - 154.6 - 1-^88, Pj-i - 5 Q4 - 0.992, P re -^ Q^-0.02 

From D.2: (h*-^) = RT C Ah = 0.2598 x 154.6 x 0.50 = 20.1 kJ/kg 

Energy Eq.: (h e - hj) = 0 = - (h e -h e ) + (h e -h ; ) + (hi -hj) 

Assume T e = 208 K , T re = 1.345: 

(h*-h*) = C p (T e - Tj) = 0.922 (208 - 230) = -20.3 kJ/kg 

From D.2: (h e '-h ) = RT C Ah = 0.2598 x 154.6 x 0.01 = 0.4 

Check first law (h - h.) = -0.4 -20.3 + 20.1 ~ 0 OK => T = 208 K 

v e l e 

From D.3, 

(s*-s.) = 0.2598x0.25 = 0.0649 and (s*-s ) = 0.2598x0.01 = 0.0026 
1 6 

* * 208 0 1 
(s e -Si ) = 0.9216 In - 0.2598 In -j- = 0.9238 kJ/kg K 

Sgen = (S e - sp = -0.0026 + 0.9238 + 0.0649 = 0.9861 kJ/kg K 
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12.110 

An uninsulated piston/cylinder contains propene, C 3 H 6 , at ambient temperature, 

19°C, with a quality of 50% and a volume of 10 L. The propene now expands 
very slowly until the pressure in the cylinder drops to 460 kPa. Calculate the mass 
of propene, the work, and heat transfer for this process. 


Propene C 3 H 6 : T l = 19°C = 292.2 K, x x = 0.50, Vj = 10 L 

From Fig. D.l: 


P ,=P =0.25, 

rl r sat 


T , = 292.2/364.9 = 0.80, 

rl 

Pj = 0.25 x 4.6 = 1.15 MPa 


From D.l: Zj = 0.5 x 0.04 + 0.5 x 0.805 = 0.4225 

_ P i V i _ 1150x0,010 

m - ZjRTj - 0.4225x0.197 58x292.2 - 0-471 kg 

Assume reversible and isothermal process (slow, no friction, not insulated) 

A = m ( U 2 -V + 1 W 2 

2 2 

iW 2 = / PdV (cannot integrate); jQ 2 = f TdS = Tm(s 2 -s 1 ) 

l l 

From Figs. D.2 and D.3: 

hj - = 0.19758 x 364.9(0.5 x 4.51 + 0.5 x 0.46) = 179.2 kJ/kg 

(si - Sj) = 0.197 58 (0.5 x 5.46 + 0.5 x 0.39) = 0.5779 kJ/kg K 
The ideal gas change in h and s are 


* * 


* * 


460 


(h 2 - Iq) = 0 and (s 2 - Si) = 0 - 0.197 58 In = + 0.1829 kJ/kg K 

At T. 2 = 0.80, P r2 = 0.10, from D.l, D.2 and D.3, Z 0 = 0.93 

(h 2 - h,) = 0.197 58 x 364.9 x 0.16 = 11.5 kJ/kg 

(s 2 - s 2 ) = 0.197 58 x 0.13 = 0.0257 kJ/kg K 
Now we can do the change in s and h from state 1 to state 2 

* * * H= 

( S 2 - s i) = -(S 2 ' S 2 ) + (S 2 - S|) + (S, - S^ 

= -0.0257 + 0.1829 + 0.5779 = 0.7351 kJ/kg K 
(h 2 - h x ) = - (h 2 - h 2 ) + (h* - h*) + hi - h, 

= -11.5 + 0+ 179.2= 167.7 kJ/kg 
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Solution 12.110 continued. 

The heat transfer is found from the second law 
x q 2 = 292.2 x 0.7351 = 214.8 kJ/kg => ^ = m ^ = 101.2 kj 

We need the internal energy in the energy equation 

u 9 - = (h 2 - hj) + RT(Z 1 - Z 2 ) = 167.7 + 0.197 58 x 292.2 (0.4225 - 0.93) 

= 138.4 kJ/kg 

jW 2 = { q 2 - (u 9 - Uj) = 214.8 - 138.4 = 76.4 kJ/kg 
jW 2 = m jW 2 = 36.0 kj 
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12.111 

An alternative energy power plant has carbon dioxide at 6 MPa, 100°C flowing 
into a turbine with an exit as saturated vapor at 1 MPa. Find the specific turbine 
work using generalized charts and repeat using Table B.3. 

From Table A.5: R = 0.1889 kJ/kgK, C P = 0.842 kJ/kg 

From Table A.2: T c = 304. IK, P c = 7.38 MPa 

6 373 2 

P. =3— =0.813, T . =37T7T = 1.227 O A h = 0.70 
I'l 7.38 n 304.1 

From D.2 and D.3, 

(h ; - hi) = RT C x A h = 0.1889 x 304.1 x 0.70 = 46.8 kJ/kg; 

1 

P re = y^= 0.1355, x= 1 so T re = 0.73, T e = 0.73 x304.1 = 222 K 
From D.2 and D.3, 

(he - h e ) = RT C x A h = 0.1889 x 304.1 x 0.25 = 46.8 kJ/kg; 

* * * H= 

w = h i - h e = hi - h e - (^ - hj) + (h e - h e ) 


= C P ( hj - h e ) - RT C (A hj - A h e ) 

= 0.842 (373.15 - 222) - 0.1889 x 0304.1 (0.7 - 0.25) 

= 101.45 kJ/kg 

From Table B.3 

w = hj - hg = 421.69 - 322.39 = 99.3 kJ/kg 
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12.112 

A distributor of bottled propane, C3H8, needs to bring propane from 350 K, 100 kPa 

to saturated liquid at 290 K in a steady flow process. If this should be accomplished 
in a reversible setup given the surroundings at 300 K, find the ratio of the volume 

• • 

flow rates V in /V out , the heat transfer and the work involved in the process. 

350 0.1 

From Table A. 2: T . = o A n o = 0.946 , P .= = 0.024 

n 369.8 n 4.25 

From D.l, D.2 and D.3, 

Z. = 0.99 
1 

(h*-h.) = 0.1886 x 369.8 x 0.03 = 2.1 kJ/kg 

(s*-s.) = 0.1886 x 0.02 = 0.0038 kJ/kg K 
290 

T = o ao o = 0.784, and x = 0 
re 369.8 

From D.l, D.2 and D.3, 

P = 0.22 , P = 0.22 x 4.25 = 0.935 MPa and Z = 0.036 

re e e 

(h*-h ) = 0.1886 X 369.8 x 4.57 = 318.6 kJ/kg 
(Sg-s ) = 0.1886 x 5.66 = 1.0672 kJ/kg K 

(h*-h*) = 1.679(290 - 350) = -100.8 kJ/kg 

* * 290 0.935 

(Sg-Sj ) = 1 .679 In yy 0. 1 886 In yy = -0.7373 kJ/kg K 

(h e -h.) = -318.6 - 100.8 + 2.1 = -417.3 kJ/kg 
(s e -s.) = -1.0672 - 0.7373 + 0.0038 = -1.8007 kJ/kg K 

^in _ Z i T i /P 1 _ 0.99 350 0.935 

. “ZT/P “ 0.036 x 290 x 0.1 _310 ‘ 3 

Y e e e 

out 

w rev = (h.-h e ) -T 0 (s.-s e ) = 417.3 - 300(1.8007) = -122.9 kJ/kg 

q rev = (h -h.) + w rev = -417.3 -122.9 = -540.2 kJ/kg 
0 1 
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12.113 

An insulated cylinder fitted with a frictionless piston contains saturated-vapor 

carbon dioxide at 0°C, at which point the cylinder volume is 20 L. The external 
force on the piston is now slowly decreased, allowing the carbon dioxide to 

expand until the temperature reaches - 30°C. Calculate the work done by the 
CC>2 during this process. 

C0 2 : T c = 304.1 K, P c = 7.38 MPa, C p = 0.842 kJ/kg-K, R = 0.1889 kJ/kg K 

State 1: Tj = 0°C, sat. vap., x^ = 1.0, \\ = 20 L 

T rl = 0.9, Pi = P rl P c = 0.53 x 7380 = 3911 kPa, Z x = Z g = 0.67 

* * „ „ _ PtVi 

(hj-h^g = 0.9 RT C , (sj - sOg/R = 0.72, m = = 2.262 kg 

State 2: T 2 = -30°C 

T r2 = 0.8, P 2 = P r2 P c = 0.25 x 7380 = 1845 kPa 

Entropy Eq.: S gen = m(s 2 - s^ - iQ/T ; iQ 2 = 0, S gen = 0 

* ^ ^ * 

s 2 - S 1 = ( s 2 - s 2 ) + (s 2 - Sj) + (sj - Sj) = 0 

* * To P 9 * 

s 2 - s i = C P ln^r - R ln^"= 0.044 kJ/kg-K, Sj - Sj = 0.136 kJ/kg-K 

s 2 - s 2 = 0.180 kJ/kg K, (s 2 - s 2 )f = 5.46 R, (s 2 - s 2 ) g = 0.39 R 

^ ^ ^ 

( s 2 - s 2) = (l-x 2 )(s 2 - s 2 ) f + x 2 (s 2 - s 2 ) g -» x 2 = 0.889 

Energy Eq.: jQ 2 = m(u 2 - Uj) + jW 2 ; iQ 2 = 0, u = h - Pv 

Z 2 = (1 - x 2 )Zf + x 2 Z g = 0.1 11 x 0.04 + 0.889 x 0.81 = 0.725; 

(h 2 h,)= (h 2 - h*) + (h* - h*) + (h* - h,) 

h 2 - hj = Cp(T 2 - Tj) = -25.3 kJ/kg, (hj - h : ) = 51.7 kJ/kg 

(h* - h 2 ) f = 4.5 1 RT C , (h* - h 2 ) g = 0.46 RT C 

(h 2 - h 2 ) = (1 - x 2 )(h 2 - h 2 ) f + x 2 (h 2 - h 2 ) g = 52.2 k.l/kg 
h 2 - = -52.2 - 25.3 + 51.7 = -25.8 kJ/kg 

u 2 - ui = (h 2 - - Z 2 RT 2 + Z ] RT l = -25.8 - 0.725 x 0.18892 x 243.2 

+ 0.67 x 0.18892 x 273.2 = -24.5 kJ/kg 

lW 2 = 55.4 kj 
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12.114 


A control mass of 10 kg butane gas initially at 80°C, 500 kPa, is compressed in a 
reversible isothermal process to one-fifth of its initial volume. What is the heat 
transfer in the process? 

Butane C 4 H ]0 : m=10kg, Tj = 80 °C, Pj = 500 kPa 
Compressed, reversible T = const, to V 7 = V /5 


T n ~ 425.2 - ° -831 ’ P n “ 3800 “ 0-132 


353.2 


500 


From D.l and D.3: Z = 0.92, (s r s ) = 0.143x0.16 = 0.0230 


Z i RT i 0.92x0.143x353.2 


v i = 


500 


= 0.09296 m 3 /kg 


State 2: 


v 9 = v /5 = 0.01859 m 3 /kg; T = T = 0.831 


From D.l: P_ = 0.325x3800 = 1235 kPa 

Cj 

sat. liq. : Z p = 0.05, (s*-s p ) = Rx5.08 = 0.7266 

sat. vap.: Z Q = 0.775, (s*-s Q ) = RxO.475 = 0.0680 

Therefore 



0.05x0.143x353.2 

1235 


= 0.00205 m 3 /kg 



0.775x0.143x353.2 

1235 


= 0.0317 m 3 /kg 


Since v p < v^ < v Q — > x 2 = (v,-v p )/(v -v p ) = 0.5578 

* * 

(s 2 - s 2 ) = (1 - x 2 )(s 2 - s p2 ) + x 2 (s 2 - s G2 ) 

= 0.4422 X 0.7266 + 0.5578 x 0.0680 = 0.3592 kJ/kg K 

* * 1235 

(S 2 - S i) = C po In (T/Tj) - R In (P^) = 0 - 0. 143 hr = -0. 1293 

(s 2 - Sl ) = -0.3592 - 0.1293 + 0.0230 = -0.4655 kJ/kg K 
: Q 2 = Tm(s 2 - s : ) = 353.2 x 10 (-0.4655) = -1644 kj 
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12.115 


A line with a steady supply of octane, C 8 H 18 , is at 400°C, 3 MPa. What is your 

best estimate for the availability in a steady flow setup where changes in potential 
and kinetic energies may be neglected? 

Availability of Octane at T. = 400 °C, P. = 3 MPa 

From Table A.5 : R = 0.07279 kJ/kgK, C P = 1 .7 1 1 kJ/kg 

From Table A.2: T c = 568.8 K, P c = 2.49 MPa 


3 

P ri “ 2.49 


= 1.205, T, = 


673.2 


ri “ 568.8 


= 1.184 


From D.2 and D.3, 

(hj - h.) = RT C x Ah = 0.072 79 x 568.8 x 1.13 = 46.8 kJ/kg; 

(s* - s.) = R As = 0.072 79 x 0.69 = 0.05 kJ/kgK 

This is relative to the dead ambient state, assume T Q = 298.2 K, P Q = 100 kPa 

298.2 0.1 

T r0 “ 568.8 - °' 524 ’ P r0 “ 2.49 _ °- 040 

From D.2 and D.3, The s correction is outside chart (extrapolate or use CATT3) 
(h 0 - h ) = RT C x 5.4 = 223.6 and (s 0 - s„) = R x 9 = 0.655 kJ/kgK 


o 

* * 


- ho) = C P (T. - T ) = 1.711 (673.2 -298.2) = 641.7 kJ/kg 


* * 


673.2 3 

(Sj -s 0 )= 1.711 x In 29 ^ 7 - 0.072 79 xln^y = 1.1459 kJ/kgK 

(h. - h Q ) = -46.8 + 641.7 + 223.6 = 818.5 kJ/kg 

(s. - s Q ) = -0.05 + 1.1459 + 0.655 = 1.7509 kJ/kgK 

(p. = w rev = (h. - h ) - T f) (s. - s ) = 818.5 - 298.2(1.7509) = 296.5 kJ/kg 
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12.116 

The environmentally safe refrigerant R-152a is to be evaluated as the working 
fluid for a heat pump system that will heat a house. It uses an evaporator 

temperature of -20°C and a condensing temperature of 30°C. Assume all 
processes are ideal and R-152a has a heat capacity of C p = 0.996 kJ/kg K. 

Determine the cycle coefficient of performance. 


Ideal Heat Pump T R = 30 °C 

From A. 2: M = 66.05, R = 0. 125 88 , T c = 386.4 K, P c = 4.52 MPa 



303.2 o 
T r3 “ 386.4 - °' 785 


P =P =0.22 => P =P_ 

r3 r2 3 2 


994 kPa 

Sat.liq.: h 3 - h^ = 4.56xRT c = 221.8 


T, = -20 °C = 253.2 K, T = 0.655, P , = 0.058 -> P. = 262 kPa 

1 rl rl 1 

sj. vj. 

fq - hj = 0.14xRT c = 6.8 and Sj-s^O.MxR =0.0176 
Assume T 0 = 307 K, T . 2 = 0.795 given P |2 = 0.22 

From D.2, D.3: s 2 - s= 0.34xR = 0.0428 ; h 2 - h 9 = 0.40xRT = 19.5 

L* Z C 


* * 


307 


994 


s 2 - Si = 0.996 l n 253 ~ 2 ~ 0.125 88 In 252 = 0.0241 
s 2 - s l = -0.0428 + 0.0241 + 0.0176 = -0.001 ~ 0 OK 
=> h 2 - hj = -19.5 + 0.996(307-253.2) + 6.8 = 40.9 
h 2 - h 3 = -19.5 + 0.996(307-303.2) + 221.8 = 206.1 


P = 


q 


H 


h 2' h 3 206.1 


w 


IN 


h 2 - h t 


40.9 


= 5.04 
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12.117 

Rework the previous problem using an evaporator temperature of 0°C. 

Ideal Heat Pump T R = 30 °C 

From A. 2: M = 66.05, R = 0.125 88 , T c = 386.4 K, P c = 4.52 MPa 



303.2 o 
T r3 “ 386.4 " °' 785 

P 3 = P r2 = 0 - 22 => P 3 = p 2 


Sat.liq.: h 3 - h = 4.56xRT 


c 


= 994 kPa 
= 221.8 


T = 0 °C = 273.2 K, T = 0.707 => P = 0.106, P. = 479 kPa 

1 rl rl 1 

jj. ^ 

hj - hj = 0.22xRT c = 10.7 and Sj - s l = 0.21xR = 0.0264 
Assume T 9 = 305 K, T\, = 0.789 

sj* 

s 2 -s 9 = 0.35xR =0.0441 and h 2 - h 9 = 0.38xRT c = 18.5 


* * 


305.0 


994 


s 2 - s t = 0.996 l n 273 ^' 0.125 88 ln^^ = 0.0178 

s 2 - s 1 = -0.0441 + 0.0178 + 0.0264 = 0.0001 » 0 OK 
h 9 - hj = -18.5 + 0.996(305.0-273.2) + 10.7 = 23.9 
h 2 - h 3 = -18.5 + 0.996(305.0-303.2) + 221.8 = 205.1 


P = 


h 2~ h 3 205.1 

h 2 - h “ 23.9 


= 8.58 
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12.118 

An uninsulated compressor delivers ethylene, C 2 H 4 , to a pipe, D = 10 cm, at 10.24 

MPa, 94°C and velocity 30 m/s. The ethylene enters the compressor at 6.4 MPa, 
20.5°C and the work input required is 300 kJ/kg. Find the mass flow rate, the total 
heat transfer and entropy generation, assuming the surroundings are at 25 °C. 

293.7 6.4 

T ri - 282.4 - L040 ’ P ri “ 5.04 - L270 


From D.2 and D.3, 

(h*-h.) = 0.296 37 x 282.4 x 2.65 = 221.8 kJ/kg 
(s*-s.) = 0.296 37 x 2.08 = 0.6164 kJ/kg K 


_ 367.2 
T re - 282.4 


1.30, P 

re 


10.24 

5.04 


2.032 => From D.l: Z =0.69 

e 


_ Z e RT e _ 0.69x0,296 37x367.2 
v e“ P “ 10 240 

e 


0.0073 m 3 /kg 


A = 7 Df = 0.007 85 m 2 => 

e 4 


2 

»e 


A V 


0.007 85x30 


m_ v - 0.0073 - 32 - 26k § / s 


From D.2 and D.3, 

(h*-h ) = 0.296 37 x 282.4 x 1.6 = 133.9 kJ/kg 
(Sg-s ) = 0.296 37 x 0.90 = 0.2667 kJ/kg K 

(h*-h*) = 1.5482(367.2-293.7) = 113.8 

* * 367.2 10.24 

(Sg-Sj ) = 1 .5482 In 293 ^ 7 ' 0.296 37 In ^ ^ = 0.2065 


(h c -h.) = -133.9 + 113.8 + 221.8 = 201.7 kJ/kg 
(s e -Sj) = -0.2667 + 0.2065 + 0.6164 = 0.5562 kJ/kg K 
Energy Eq.: 

30 2 

q = (h e -h.) + KE e + w = 201.7 + - 300 = -97.9 kJ/kg 


Q cv = mq = 32.26(-97.9) = -3158 kW 
Qcv • 3158 

S acn = + m(s e - s.) = + + 32.26(0.5562) = 28.53 kW/K 
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12.119 

The new refrigerant fluid R-123 (see Table A. 2) is used in a refrigeration system 
that operates in the ideal refrigeration cycle, except the compressor is neither 
reversible nor adiabatic. Saturated vapor at -26.5°C enters the compressor and 
superheated vapor exits at 65 °C. Heat is rejected from the compressor as 1 kW, 
and the R-123 flow rate is 0.1 kg/s. Saturated liquid exits the condenser at 37.5°C. 
Specific heat for R-123 is Cp = 0.6 kJ/kg. Find the coefficient of performance. 


R-123: T c = 456.9 K, P c = 3.67 MPa, M = 152.93 kg/kmol, R = 0.05438 kJ/kg K 

State 1: Tj = -26.5°C = 246.7 K, sat vap., xj = 1.0 

T rl = 0.54, Fig D.l, P rl = 0.01, P! = P rl P c = 37 kPa 

Fig. D.2, hj-hj = 0.03 RT C = 0.8 kJ/kg 

State 2: T 2 = 65°C = 338.2 K 

State 3: T 3 = 37.5°C = 310.7 K, sat. liq., x 3 = 0 

T r3 = 0.68, Fig. D.l: P r3 = 0.08, P 3 = P r3 P c = 294 kPa 
p 2 = p 3 = 294 kPa, P r2 = 0.080, T r2 = 0.74, 

Fig. D.2: h' 2 -h 2 = 0.25 RT C = 6.2 kJ/kg 

h 3 -h 3 = 4.92 RT C = 122.2 kJ/kg 
State 4: T4 = T 1 = 246.7 K, hq = h 3 
Energy Eq. Evaporator: q^ + h4 = hj + w; w = 0, I14 = h 3 

9L = h l - h 3 = ( h l - h l) + ( h l - h 3) + ( h 3 “ h 3) 

hj - h 3 = CpCTj - T 3 ) = -38.4 kJ/kg, q L = -0.8 - 38.4 + 122.2 = 83.0 kJ/kg 

Energy Eq. Compressor: q + h 1 = h 2 + w c ; Q = -1.0 kW, m = 0.1 kg/s 

^ ^ ^ * 

w c = h i - h 2 + q; h i - h 2 = ( h i - h i) + ( h i - h 2) + ( h 2 - h i) 

hj - h 2 = Cp/Tj - T 2 ) = -54.9 kJ/kg, 
w c = -0.8 -54.9 + 6.2 - 10.0 = -59.5 kJ/kg 
p = q L /w c = 83.0/59.5 = 1.395 
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12.120 

An evacuated 100-L rigid tank is connected to a line flowing R-142b gas, 
chlorodifluoroethane, at 2 MPa, 100°C. The valve is opened, allowing the gas to 
flow into the tank for a period of time, and then it is closed. Eventually, the tank 
cools to ambient temperature, 20°C, at which point it contains 50% liquid, 50% 
vapor, by volume. Calculate the quality at the final state and the heat transfer for 
the process. The ideal-gas specific heat of R-142b is C p = 0.787 kJ/kg K. 

Rigid tank V = 100 L, m, = 0 Line: R-142b CH 3 CC1F 2 

M = 100.495, T c = 410.3 K, P c = 4.25 MPa, C P0 = 0.787 kJ/kg K 

R = R/M = 8.31451 / 100.495 = 0.082 73 kJ/kg K 
Line Pj = 2 MPa, T, = 100 °C, Flow in to T 2 = T 0 = 20°C 
VlIQ 2 = VyAP 2 = 50 L 

Continuity: m. = nx, ; Energy: Q cy + m.h. = m 2 u 2 = m 2 h 2 - P 9 V 

From D.2 at i: P . = 2 / 4.25 = 0.471, T . = 373.15 / 410.3 = 0.91 

ri ri 

(h*-h.) = 0.082 73x410.3x0.72 = 24.4 

(h 2 -h*) = C po (T 2 -T.) = 0.787(20-100) = -63.0 
293.2 

From D.2: T = 777—7 = 0.715 => P = 0.115x4250 = 489 kPa 
r 2 410.3 2 

sat. liq.: Z F = 0.02, (h*-h F ) = RT c x4.85 = 164.6 

sat. vap.: Z G = 0.88, (h f -h G ) = RT c x0.25 = 8.5 

_ P 2 Vliq 2 _ 489x0,050 
m LiQ 2 — z F RT 2 - 0.02x0.082 73x293.2 _ 50-4 kg 

P2^VAP2 

m VAP 2 = ^T7 = 1 - 15 k g’ m 2 = 51.55kg 

X 2 = m VA p 2 /m 2 =0.0223 

(h 2 -h 2 ) = (l-x 2 )(h 2 -h F2 ) + x 2 (h 2 -h G2 ) = 0.9777 x 164.6 + 0.0223 x 8.5 = 161.1 
Q cv = m 2 (h 2 - hi) - P 2 V = 51.55(-161.1 - 63.0 + 24.4) - 489 x 0.10 

= -10 343 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Mixtures 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.121 

A 2 kg mixture of 50% argon and 50% nitrogen by mole is in a tank at 2 MPa, 

1 80 K. How large is the volume using a model of (a) ideal gas and (b) Kays 
rule with generalized compressibility charts. 


a) Ideal gas mixture 

Eq.11.5: M mix = £ y { Mj = 0.5 x 39.948 + 0.5 x 28.013 = 33.981 


V = 


mRT _ 2 x 8.3145 x 180 _ 3 

M mix P “ 33.981 x 2000 “ °‘ 044 m 


b) Kay’s rule Eq. 12.84 

P c mix = 0.5 X 4.87 + 0.5 X 3.39 = 4. 13 MPa 
T C mix = 0.5 x 150.8 + 0.5 X 126.2 = 138.5 K 

2 180 

Reduced properties: P r = ^~j~3 = 0.484, T r = 5 = 1-30 

Fig. D.l: Z = 0.925 

grp 

V = Z ™ p = 0.925 X 0.044 = 0.0407 m 3 
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12.122 

A 2 kg mixture of 50% argon and 50% nitrogen by mass is in a tank at 2 MPa, 

1 80 K. How large is the volume using a model of (a) ideal gas and (b) van der 
Waals equation of state with a, b for a mixture? 


a) Ideal gas mixture 

Eq.11.15: R mix = £ q Rj = 0.5 x 0.2081 + 0.5 x 0.2968 = 0.25245 kJ/kg K 

mR mix T 2 x 0.25245 x 180 


V = 


= 0.0454 m 3 


P _ 2000 

b) van der Waals equation of state, before we can do the parameters a, b for the 
mixture we need the individual component parameters. 

_ 27 r2t ; _ 27 (0.2081 x 150.8) 2 _ 

a^j. — s' a r, — s' a A n —t r\ — 0.08531 


64 P, 


64 


4870 


,2^2 


a N2- 64 p. 


27 R-T C 27 (0.2968 x 126.2) 2 


64 


3390 


= 0.17459 


b Ar = 


bxTO — 


R T C 0.2081 x 150.8 


8P, 


8 x 4870 


= 0.000 805 


RT c 0.2968 x 126.2 


N2 “ 8P, 


= 0.001 381 


c 8 x 3390 
Now the mixture parameters are from Eq. 12.84 


a mix = (X c i a i 1/2 )~ = (0 ' 5 x V 0 - 08531 + 0.5 x VO.17459) 2 = 0.126 

b mix = X C i b i = °' 5 X °- 000 805 + °' 5 x 0-001 381 = 0-001 093 

Using now Eq. 12.52: _ RT a 


P = 


v-b 


v 


2 


2000 = 


0.25245 x 180 0.126 
v - 0.001 093 “ v 2 


By trial and error we find the specific volume, v = 0.02097 nr /kg 

V = mv = 0.04194 m 3 
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12.123 

R-410A is a 1:1 mass ratio mixture of R-32 and R-125. Find the specific volume 

at 20°C, 1200 kPa using Kays rule and the generalized charts and compare to 
Table B.4 

Kay’s rule Eq. 12.83 

P c mix = 0.5 X 5.78 + 0.5 X 3.62 = 4.70 MPa 
T c ^ = 0.5 x 351.3 + 0.5 x 339.2 = 345.25 K 

1.2 293.15 

Reduced properties: P r = j^ = 0.255, T r = 345^5 = 0.849 

Table A. 5: R = 0.1 145 kJ/kg-K or compute from mix 

Fig. D.l: Z = 0.85 

v = ZRT/P = 0.85 x 0.1145 x 293.15 / 1200 = 0.0238 m 3 /kg 
Table B.4: v = 0.02260 m 3 /kg 
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12.124 

The R-410A in Problem 12.123 is flowing through a heat exchanger with an 

exit at 120°C, 1200 kPa. Find the specific heat transfer using Kays rule and the 
generalized charts and compare to solution using Table B.4 


Rmix = 0.5 x 0.1598 + 0.5 x 0.06927 = 0.1145 kJ/kg-K, 

Cp mix = X C i C P i = °' 5 x °' 822 + °- 5 x 0-791 = °- 8065 kJ/k S K 
Kay’s rule Eq. 12.84 


P c mix = 0.5 X 5.78 + 0.5 X 3.62 = 4.70 MPa 
T c ^x = 0.5 x 351.3 + 0.5 x 339.2 = 345.25 K 


Reduced properties 1: 


f*rl — 4 7Q - 0.255, T rl - 


1.2 


293.15 

345.25 


= 0.849 


Fig. D.l: (hj - hi) = 0.4 x RT p = 0.4 x 0.1145 x 345.25 = 15.81 kJ/kg 

Reduced properties 1: 

Fig. D.l: (h 2 - h 2 ) = 0.2 x RT, = 0.2 x 0.1145 x 345.25 = 7.906 kJ/kg 


1.2 393.15 

Pr2 — 4 70 - 0.255, T r2 - 345 25 - 1-139 


The energy equation gives 

: q 2 = (h 2 - hj) = (h 2 - h 2 ) + (h 2 - hj) + (hj - hi) 

= -7.906 + 0.8065 (120 - 20) + 15.81 

= 88.55 kJ/kg mix 


Table B.4.2: q = h 2 - hi = 393.13 - 290.51 = 102.62 kJ/kg 


The main difference is in the value of specific heat, about 1 kJ/kg-K at the avg. 
T, whereas it is 0.8 kJ/kg-K at 25°C. 
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12.125 

A 2 kg mixture of 50% argon and 50% nitrogen by mass is in a tank at 2 MPa, 

1 80 K. How large is the volume using a model of (a) ideal gas and (b) Redlich 
Kwong equation of state with a, b for a mixture. 


a) Ideal gas mixture 

Eq.11.15: R mix = £ q Rj = 0.5 x 0.2081 + 0.5 x 0.2968 = 0.25245 kJ/kg K 
mR mix T 2 x 0.25245 x 180 


V = 


= 0.0454 m 3 


P “ 2000 

b) Redlich Kwong equation of state. Before we can do the parameters a, b for the 
mixture we need the individual component parameters, Eq. 12.54, 13.55. 

r 2 t; 


2r _5/2 


c 0.2081 2 x 150. 8 2 ' 5 

a Ar = 0.42748 p — = 0.42748 = 1.06154 

0 


R 2 xf 


a N2 = 0.42748 — p — = 0.42748 


0.2968 2 x 126.2 2 5 
3390 


= 1.98743 


RT C 0.2081 x 150.8 


bAr = 0.08664 = 0.08664 4870 =0.000 558 

c 

RT C 0.2968 X 126.2 

b N2 = 0.08664 -p- = 0.08664 — ~^gQ = 0.000 957 

Now the mixture parameters are from Eq. 12.84 

a 


a mix = (X C i a i 1/2 )" = (°- 5 x V 1 - 06154 + °- 5 x V 1 - 98743 ) 2 = L4885 


b mix = X C i b i = °- 5 X °- 000 558 + °' 5 x 0-000 957 = 0-000 758 

Using now Eq. 12.53: - R T 


2000 = 


^ v - b v(v + b)T 1/2 
0.25245 x 180 1.4885 


v - 0.000 758 v(v + 0.000 758) 180 1/2 
By trial and error we find the specific volume, v = 0.02102 m /kg 

V = mv = 0.04204 m 3 
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A modern jet engine operates so that the fuel is sprayed into air at a P, T higher 
than the fuel critical point. Assume we have a rich mixture of 50% n-octane and 
50% air by mole at 500 K and 3.5 MPa near the nozzle exit. Do I need to treat this 
as a real gas mixture or is an ideal gas assumption reasonable? To answer find Z 
and the enthalpy departure for the mixture assuming Kay’s rule and the 
generalized charts. 

The mole fractions are: 

yC8H18 = 0-^5 Yn 2 = 0.5 * 0.79 = 0.395, yo2 = 0.5 x 0.21 = 0.105 
Eq. 11.5: 

M mix = I> M i = 0.5 x 114.232 + 0.395 x 28.013 + 0.105 x 31.999 
= 71.541 

Kay’s rule Eq. 12.84 

P c mix = 0.5 X 2.49 + 0.395 x 3.39 + 0.105 x 5.04 = 3.1 13 MPa 
T C mix = 0.5 X 568.8 + 0.395 x 126.2 + 0.105 x 154.6 = 350.5 K 

3.5 500 

Reduced properties : P r = = 1 .124, T r = ^ = 1 .427 

Fig. D.l: Z = 0.87 I must treat it as a real gas mixture. 

* 8 3145 

Fig. D.2 h - h = 0.70 x RT c = 0.70 x ?1 g41 x 350.5 = 28.51 kj/kg 
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A mixture of 60% ethylene and 40% acetylene by moles is at 6 MPa, 300 K. The 
mixture flows through a preheater where it is heated to 400 K at constant P. Using 
the Redlich Kwong equation of state with a, b for a mixture find the inlet specific 
volume. Repeat using Kays rule and the generalized charts. 


To do the EOS we need the gas constant, so from Eq.11.5 we get 
M mix = X Yi M i = °- 6 x 28-054 + 0.4 x 26.068 = 27.26 
R mix = 8.3145/27.26 = 0.305 kJ/kg K 

Redlich Kwong EOS the individual component parameters, Eq. 12.54, 12.55. 


R 2 xf 


a C2H4 = 0.42748 — p — = 0.42748 


R*if 


a C2H2 = 0.42748 — p — = 0.42748 


0.2964 2 x 282.4 2 - 5 
5040 

0.3193 2 x 308.3 2 ' 5 


6140 


= 9.9863 


= 11.8462 


RT C 0.2964x 282.4 


= 0.001 439 


b C2H4 _ 0.08664 - 0.08664 <^0 

RT C 0 3193 x 308 3 

b C2H2 = 0.08664 -^- = 0.08664 =0.001 389 

c 

Now the mixture parameters are from Eq. 12.84 so we need the mass fractions 

yM 0.6 x 28.054 

c C2H4 - m - 27.26 -0-6175, c C2 h4 - 1 ' c C2H4 - 0-3825 


L mix 


a m ix = (X c i a i 1/2 )~ = (0- 6175 x k/0-9863 + 0.3825 x y/ll.8462) 2 = 10.679 

bmix = X c i b i = °- 6175 x 0.001 439 + 0-3825 x 0-001 389 = 0-001 42 

RT a 

Using now Eq. 12.53: 


6000 = 


^ v - b v(v + b)T 1/2 
0.305 x 300 10.679 


v - 0.001 42 v(v + 0.001 42) 300 1/2 

By trial and error we find the specific volume, v = 0.006683 m /kg 
Kay’s rule Eq. 12.84 

P c mix = 0.6 X 5.04 + 0.4 X 6.14 = 5.48 MPa 
T C mix = 0-6 X 282.4 + 0.4 x 308.3 = 292.8 K 

6 300 

Reduced properties: P r = = 1 .095, T r = 3 = 1 -025 

Fig. D.l: Z = 0.4 (difficult to read) 

v = ZRT/P = 0.4 x 0.305 x 300 / 6000 = 0.0061 m 3 /kg 
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For the previous problem, find the specific heat transfer using Kay’s rule and the 
generalized charts. 


To do the EOS we need the gas constant, so from Eq.11.5 we get 


M mix = Zyi M i = 0.6 x 28.054 + 0.4 x 26.068 = 27.26 
R mix = 8.3145/27.26 = 0.305 kJ/kg K 
yM 0.6 x 28.054 

c C2H4-m • _ 27 26 -0.6175, c C 2 h4 - 1 ' c C2H4 

C P mix = X C i C P i = °' 6175 x L548 + 0-3825 x L699 = 1-606 


= 0.3825 
kJ/kg K 


Kay’s rule Eq. 12.84 

p c mix = 0.6 X 5.04 + 0.4 X 6.14 = 5.48 MPa 

T c mix = 0- 6 x 282.4 + 0- 4 x 308 - 3 = 292 - 8 K 

6 

Reduced properties 1 : P rl = ^"43 = 1 -095, 


T 


300 

rl “ 292.8 “ 


1.025 


Fig.D.l: (h, - 

Reduced properties 2: 
Fig.D.l: (h*- 


fq) = 2.1 x RT = 2.1 x 0.305 x 292.8 = 187.5 kJ/kg 

6 400 

Pr 2 — g 48 - 1-095, T r2 - 2^2 g - 1-366 

h 2 ) =0.7xRT, = 0.7 x 0.305 x 292.8 = 62.5 kJ/kg 

c 


The energy equation gives 

192 = ( h 2 - h l) = ( h 2 - h 2 ) + ( h 2 “ h l) + ( h l “ h l) 
= -62.5 + 1.606 (400 - 300) + 187.5 

= 285.6 kJ/kg mix 
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A gas mixture of a known composition is frequently required for different 
purposes, e.g., in the calibration of gas analyzers. It is desired to prepare a gas 
mixture of 80% ethylene and 20% carbon dioxide (mole basis) at 10 MPa, 25°C 
in an uninsulated, rigid 50-L tank. The tank is initially to contain C02 at 25 °C 
and some pressure PI. The valve to a line flowing C2H4 at 25°C, 10 MPa, is now 
opened slightly, and remains open until the tank reaches 10 MPa, at which point 
the temperature can be assumed to be 25°C. Assume that the gas mixture so 
prepared can be represented by Kay’s rule and the generalized charts. Given the 
desired final state, what is the initial pressure of the carbon dioxide, PI? 


A = C 0 H 4 , B = C0 9 
T 1 = 25 °C 



: 10 MPa, T 2 = 25 °C 
= 0-8, y B2 = 0.2 


P ± =1 0 MPa A 

i"T7FcT 


V=0 . 05 



Mixture at 2 : 


P C2 = 0.8 x 5.04 + 0.2 x 7.38 = 5.508 MPa 
T C2 = 0.8 x 282.4 + 0.2 x 304.1 = 286.7 K 
T . = 298.15/286.7 = 1.040; P . = 10/5.508 = 1.816 

r2 r2 

D.l : Z 9 = 0.32 


P 2 V 


10 000x0.05 


n 2 “ - “0.32x8.3145x298.2 

Z 2 R1 2 


= 0.6302 kmol 


n = n. = 0.8 n, = 0.5042 kmol C,H. 

A2 1 2 2 4 

n B . = n. = 0.2 n, = 0.1260 kmol CO, 

nZ 1 Z Z 

298.2 

T n “ 304.1 -°- 981 


P rl = 


n Z RT 0.126 Z B1 x 8.3145x298.2 

1 D 1 1 dI 


P V 

CB 


7380x0.05 
By trial & error: P fl = 0.618 & Z m = 0.73 


= 0.8466 Z 


B1 


P = 0.618 x 7.38 =4.56 MPa 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 







Borgnakke and Sonntag 


12.130 

One kmol/s of saturated liquid methane, CH4, at 1 MPa and 2 kmol/s of ethane, 

C 2 H (4 . at 250°C, 1 MPa are fed to a mixing chamber with the resultant mixture 

exiting at 50°C, 1 MPa. Assume that Kay’s rule applies to the mixture and 
determine the heat transfer in the process. 

Control volume the mixing chamber, inlet CH4 is 1, inlet C 2 H6 is 2 and the 
exit state is 3. Energy equation is 

Q cv = n 3 h 3 - li , hi - n 2 h 2 

Select the ideal gas reference temperature to be T3 and use the 
generalized charts for all three states. 

p rl = p rsat = I/4.6O = 0.2174 => T rsat = 0.783, 

Ti = 0.783 x 190.4 = 149. 1 K, Ahi = 4.57 

P r2 = 1/4.88 = 0.205, T r2 = 523/305.4= 1.713, Ah 2 = 0.08 

hi = Ci(Ti - T3) - Ahi RT C = 36.15(149.1 - 323.2) - 4.57 x 8.3145 x 190.4 
= -13528 kJ/kmol 

h 2 = C 2 (T 2 - T 3 ) - Ah 2 RT C = 53.11(250 - 50) - 0.08 x 8.3145 x 305.4 
= 10 419 kJ/kmol 
Kay’s rule Eq. 12.84 

Tcmix = (1 x 190.4 + 2 x 305.4)/3 = 267.1 K 

Pcmix = (1 x 4.60 + 2 x 4.88)/3 = 4.79 MPa 

T r3 = 323.2/267.1 = 1.21 , P r3 = 1/4.79 = 0.21, Ah 3 = 0.15 

h 3 = 0 - 0.15 x 267.1 x 8.3145 = - 333 kJ/kmol 
Q cv = 3(-333) - 1(-13528) - 2(10 419) = - 8309 kW 
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Saturated-liquid ethane at T 1 = 14°C is throttled into a steady flow mixing 
chamber at the rate of 0.25 kmol/s. Argon gas at T 2 = 25°C, P 2 = 800 kPa, enters 
the chamber at the rate of 0.75 kmol/s. Heat is transferred to the chamber from a 
heat source at a constant temperature of 150°C at a rate such that a gas mixture 
exits the chamber at T 3 = 120°C, P 3 = 800 kPa. Find the rate of heat transfer and 
the rate of entropy generation. 

Argon, T a 2 = 25°C, P 2 = 800 kPa, n 2 = 0.75 kmol/s 

T ca = 150 K, P ca = 4.87 MPa, M a = 39.948 kg/kmol, C pa = 0.52 kJ/kg K 

h a3 - h a2 = M a C pa (T 3 - T a2 ) = 1973.4 kJ/kmol 

Inlet: Ethane, = 14°C, sat. liq., x b ^ = 0, nj = 0.25 kmol/s 

T cb = 305.4 K, P cb = 4.88 MPa, M b = 30.07 kg/kmol, C pb = 1.766 kJ/kg-K 
T rl = 0.94, P bl = P r iP cb = 0.69 x 4880 = 3367 kPa 

h b i - h bl = 3.81 RT cb = 9674.5 kJ/kmol, s bl - s bl = 3.74 R = 31.1 

h * 3 - h bl = M b C pb (T 3 - T bl ) = 5629.6 kJ/kmol 
Exit: Mix, T 3 = 120°C, P 3 = 800 kPa consider this an ideal gas mixture. 


• • — • — 


Energy Eq.: ni h bl + n 2 h a2 +Q = n 3 h 3 = ni h b3 + n 2 h a3 


• • 


Q = nj(h b3 - h bl ) + n 2 (h a3 - h a2 ) = 0.25 (5629.6 + 9674.5) + 0.75(1973.4) 

= 5306 kW 


• • • • 

Entropy Eq.: S gen = nj(s b3 - s bl ) + n 2 (s a3 - s a2 ) - Q/T H ; T H = 150°C 


ya = n 2 /n tot = 0 - 75 ; Yb = n l /n tot = 0-25 

T 3 _ y a P 3 

s a 3 - s a 2 = M a C pa ln^ - R In =8.14 kJ/kmol-K 

” *a2 


a2 


T 3 _ YbP3 _* 

s b3 — s bl = ^ p, + s bl — S bl = 


bl r bl 

= 40.172 + 31.1 = 71.27 kJ/kmol K 


S gen = 0.25 x 71.27 + 0.75 x 8.14 - 5306 / 423 = 11.38 kW/K 
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A cylinder/piston contains a gas mixture, 50% C02 and 50% C2H6 (mole basis) 
at 700 kPa, 35°C, at which point the cylinder volume is 5 L. The mixture is now 
compressed to 5.5 MPa in a reversible isothermal process. Calculate the heat 
transfer and work for the process, using the following model for the gas mixture: 

a. Ideal gas mixture. 

b. Kay’s rule and the generalized charts, 
a) Ideal gas mixture 

U 2 -Ui = mC vmix (T 2 -T 1 ) = 0 

Ql 2 = w 12 = J P dV = PiVi ln(V 2 /Vi) = - PiVi ln(P 2 /Pj) 


= - 700 x 0.005 ln(5500/700) = -7.71 kj 
b) Kay's rule 

T cmix = 0.5 x 304.1 + 0.5 x 305.4 = 304.75 K 

Pcmix = 0.5 x 7.38 + 0.5 x 4.88 = 6.13 MPa 

T r i = 308.15/304.75= 1.011, P ri =0.7/6.13 = 0.1142 


Z\ = 0.96, Ah: =0.12, Asi = 0.08 


n = P 1 V 1 /Z 1 RT 1 


700*0.005 

0.962*8.3145*308.15 - °- 00142 kmo1 


T r2 = T r i , P r2 = 5.5/6.13 = 0.897, 
Z 2 = 0.58, Ah 2 = 1.35, As 2 =1.0 


h 2 - hi = (h 2 - hi) - R T c (Ah 2 - Ahi) 

= 0 - 8.3145 x 304.75(1.35 - 0.12) = - 3117 

u 2 - uj = h 2 - hi + RT(Zi - Z 2 ) = - 3117 

+ 8.3145 x 308.15(0.96 - 0.58) = -2143 kJ/kmol 

Ql 2 = nT(s 2 - §i) T = 0.00142 x 308.15 x 8.3145[ 0 - ln(5.5/0.7) -1.0 
+ 0.08 ] = - 10.85 kj 

W i 2 = Qi 2 - n(u 2 - ui) = -10.85 - 0.00142(-2143) = - 7.81 kj 
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A cylinder/piston contains a gas mixture, 50% CCb and 50% C2H6 (mole basis) at 
700 kPa, 35°C, at which point the cylinder volume is 5 L. The mixture is now 
compressed to 5.5 MPa in a reversible isothermal process. Calculate the heat 
transfer and work for the process, using the following model for the gas mixture: 

a. Ideal gas mixture, b. The van der Waals equation of state. 

a) Ideal gas mixture 

U 2 -Ui = mC vm . x (T 2 -T 1 ) = 0 

Ql2 = W12 = f P dV = P1V1 ln(V 2 /Vi) = - P1V1 ln(P 2 /Pi) 

= - 700 x 0.005 ln(5500/700) = -7.71 kj 

b) van der waal's equation 

For C0 2 : b = RT C /8P C = 8.3145 x 304.1/8 x 7380 = 0.04282 
a = 27 P c b 2 = 27 x 7380 x 0.04282 2 = 365.45 

For C 2 H 6 : b = RT C /8P C = 8.3145 x 305.4/8 x 4880 = 0.06504 

a = 27 P c b 2 = 27 x 4880 x 0.06504 2 = 557.41 

amix = (0.5^/365.45 + 0.5^/557.41) 2 = 456.384 

= 0.5 x 0.04282 + 0.5 x 0.06504 = 0.05393 

8.3145*308.2 456.384 
-700 = 0 

vi - 0.05393 vi 2 

_ o 

By trial and error: vj = 3.5329 m /kmol 

8.3145*308.2 456.384 _ „ 

5500 = 0 

v 2 - 0.05393 v 2 2 

By trial and error: V2 = 0.2815m /kmol 
n = Vj/vj = 0.005/3.5329 = 0.00142 

Ql2 = nT(§2 - si)t = n R T In 

vi - b 

0.2815 -0.05392 

= 0.00142 x 8.3145 x 308.2 In 3 5329 - 0 05392 = ’ ^ 

U 2 - Ui = 0.00142 x 456. 39(3. 5329 -1 - 0.2815- 1 ) = -2.12 kJ 
Ql2 = U 2 - Ui + W 12 => W 12 = -9.93 -(-2.12) = -7.81 kj 
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Verify that the ideal gas part of Helmholtz function substituted in Eq. 12.89 
does lead to the ideal gas law as in note after Eq. 12.97. 

The ideal gas Helmholtz function is from its definition, see Eq.12.12, 
a* = u* - Ts* = h* - RT - T s* 

We have 


h* = h 0 + / C Po dT 

C Po 


s =S 0 + 


T 


dT - R In 


£l 




Now from Eq. 12.89 we need to look at 

'da*\ fd h*^ 


v Po^oy 


vSpy 


so following 12.92 


vdpy 


vSpy 


7 


= 0 - 0 + TR 


= RT / p 


v ap j 

d r 


-T 


as 


V 


ap/r 




£l 

5pr PoToj 


In 


T 


So then 




V 


da 

ap Jt 


= P = pRT 


Ideal gas OK 
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Gases like argon and neon have constant specific heats. Develop an expression 
for the ideal gas contribution to Helmholtz function in Eq. 12.92 for these cases. 

The ideal gas Helmholtz function is from its definition, see Eq. 12.92, 
a* = u* - Ts* = h* - RT - T s* 

We have 

h* = h * + / C Po dT = h* + C Po (T - T 0 ) 


C 


Po 


r 


s =s 0 + 


T 


dT - R in 


£l 




V Po^oy 

= S„ + C Po ln(T /T 0 ) - R h/ ^ ^ 


jlL 

V Po^oy 


So now we get 

a* = h* + C Po (T - T 0 ) - RT - T s 


T 


f 


= h 0 -Ts 0 + C Po (T - T 0 ) - C Po T in ( ) - RT + RT 

A o 

T 

= C 0 + Cj T - C 2 T in ( y ) + RT in 


in 


RL 




V Po^oy 


o 


(-if) 

v P°y 


where 


C 0 -h 0 -Cp n T n ; Ci - Cp n - R - s„ ; C ? - C Pn - R 


Po A 0 


1 - '-Po 


o 


'2 - ^Po 
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Find an expression for the change in Helmholtz function for a gas with an EOS as 
P(v - b) = RT. 


From Eq. 12.31 we get 


SP R 

du T = [ T (=)-P]dv T = [T( — r)-P]dv T =[P-P]dv T = 0 


5T / v 

From Eq. 12.32 or Eq. 12.34 we get 


/5P \ 

dsT = “ ®P dP T = dv T 


R 


R 


dv- 


= - p dP T = y _ b uv T 

Now the changes in u and s can be integrated to find 

( u 2 - u i)t = 0 

P 2 v 2 - b 
(s 2 - s 1 ) T = -R In ^ = R In 

to this we now need to add the variation due to T. For this we get 

2 


2 


r 


(u 2 -Ui) v = f C v dT 
1 


and (s 2 - Sj) v = 


C 


V 


T 


dT 


Finally since the Helmholtz function contains the product Ts we need the absolute 
value of the entropy so 


1 


si =s 0 + 


r C v vj-b 

dT + R In 


T 


v 0 -b 


O 


Then the change in Helmholtz function becomes 

a 2 -a 1 =u 2 -u 1 -T 2 s 2 + T l s l = u 2 -uj -T^-Sj) +(T 1 -T 2 )s 1 


2 


/ c v dT 

1 


2 

'C 


v 


T 2 [j T dT + Rln^4]+(Ti 
1 


-T 2 )s 
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Use the equation of state in Example 12.3 and find an expression for isothermal 
changes in Helmholtz function between two states. 


The EOS is 


Pv_i_ c JL 

RT - 1 ^ X 4 


RT C 


or 


v = 


T 


and we use the isothermal changes found in Ex. 14.3 as 

(h 2 - h^x = - (P 2 - p i)t 




3C 


(s 2 - s^x - - R In J T - t 4 (P 2 - P i)x 

As Helmholtz function is: a = u - Ts; we get 
( a 2 _ a l)T = ( u 2 _ u l)T _ T(S 2 - Sj)x 

= (h 2 - h^x - ( P 2 V 2 - Pl v l) - T(s 2 - S])x 
4C C 

= ' - ^3 ( P 2 - Pl)T - [ RT 2 - RTi - ^(P 2 - Pt) T ] 


fP 2 3 


+ RT In 


v j 


3C 

+ ^3 ( P 2- p i)T 


l) T T 


4C C 

= ~ ( P 2 ~ P l)T + ^ P 2 - P l)T + RT ln 


f p 2 ^ 


\FlJ T T 


3C 

+ T 3 ( P 2 ~ P i)t 


This now reduces to the final answer 


(a 2 - a^)x = RT In 


fPA 


V p UT 
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Assume a Helmholtz equation as 



where C 0 , C ] , C 2 arc constants and T 0 and p G reference values for temperature 

and density, see Eqs. 12.92 - 95. Find the properties P, u and s from this 
expression. Is anything assumed for this particular form. 


Given Helmholtz function we can find the pressure and entropy from Eq. 12.21 
and then u from the definition: a = u - Ts. 


T 


v 


a = C 0 + Ci T-C 2 Tln(^)-RTln(-) 


O 


v 


o 




da 


P = - 


VC>Vy 


= - RT aTT In ( ~ ) = - RT / v 


dv J T 


T " dv 

= RT / v 


v 


o 


i.e. Ideal gas. 


s = - 


v5T Jy 


rji 

= -C 1+ C 2 ln(^) + C 2 + Rln(f ) 


O 


v 


o 


Notice how it looks like Eq.6.17. 


T 


v 


u = a + Ts = C 0 + C 1 T-C 2 Tln(Y")-RTln( 7 ;-) 


o 


v 


o 


rji ^ 

-C 1 T + C 2 Tln(^) + C 2 T + RT ln(^) 


O 


v 


o 


= c 0 + c 2 t 

We find that u is linear in T. 


Not only is it ideal gas but it also has constant specific heats. 
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Review Problems 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.139 

Saturated liquid ethane at 2.44 MPa enters a heat exchanger and is brought to 61 1 
K at constant pressure, after which it enters a reversible adiabatic turbine where it 
expands to 100 kPa. Find the heat transfer in the heat exchanger, the turbine exit 
temperature and turbine work. 

From D.2, 

P , = 2.44/4.88 = 0.50 , T = 0.89, T. = 0.89x305.4 = 271.8 K 

rl rl 1 

(hphj) = 0.2765x305.4x4.12 = 347.9 

(hz-hj) = 1.766 (611 - 271.8) = 599.0 
P 0 = 0.50 , T = 61 1/305.4 = 2.00 

r2 r2 

From D.2: (h 2 -h 2 ) = RT C x 0.14 = 0.2765x305.4x0.14 = 11.8 

q = (h^hj) = -11.8 + 599.0 + 347.9 = 935.1 kj/kg 
From D.3, 

(s 2 -s 2 ) = 0.2765x0.05 = 0.0138 

^ ^ f 3 100 

(S 3 -S 2 ) = 1-766 In - 0.2765 In ^^49 

Assume T 3 = 368 K , T r3 = 1.205 
at P r3 = 0.020 

(s 3 -s 2 ) = -0.8954 + 0.8833 = -0.0121 
From D.3, 

(s 3 -s 3 ) = 0.2765x0.01 = 0.0028 
(s 3 -s 2 ) = -0.0028 - 0.0121 + 0.0138 * 0 OK 
Therefore, T 3 = 368 K 
From D.2, 

(h 3 -h 3 ) = 0.2765x305.4x0.01 = 0.8 
w = (h 2 -h 3 ) = -11.8 + 1.766 (61 1 - 368) + 0.8 = 418.1 kj/kg 
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12.140 

A piston/cylinder initially contains propane at T = -7°C, quality 50%, and volume 
10L. A valve connecting the cylinder to a line flowing nitrogen gas at T = 20°C, P 
= 1 MPa is opened and nitrogen flows in. When the valve is closed, the cylinder 
contains a gas mixture of 50% nitrogen, 50% propane on a mole basis at T = 

20°C, P = 500 kPa. What is the cylinder volume at the final state, and how much 
heat transfer took place? 

State 1: Propane, T 1 = -7°C, Xj = 0.5, Vj = 10 L 
T c = 369.8 K, P c = 4.25 kPa, C P = 1.679 kJ/kg-K, M = 44.097 kg/kmol 
Fig. D.l: T rl = 0.72, P rl = 0.12, P : = P rl P c = 510 kPa 

Fig. D.l: Zfi = 0.020, Z gl =0.88, Z\ = (1 - x^)Z fl + xjZ gl = 0.45 

nj = PjV^ZjRTj) = 510 x 0.01/(0.45 x 8.3145 x 266.2) = 0.00512 kmol 

h-1 = h* Q + CpfTj - T q ) + (hj - h*) ; h* o = 0, 

(hj-h^f/RTc =4.79, (hj-h^g /RT C = 0.25 

hj - hj = (1 - Xj) (hj - h^f + x 1 (hj - hj) g = 7748 kJ/kmol 

hj = 0 + 1.679 x 44.094(-7 - 20) - 7748 = -9747 kJ/kmol 
Inlet: Nitrogen, Tj = 20°C, Pi = 1.0 MPa, 

T c = 126.2 K, P c = 3.39 MPa, C pn = 1.042 kJ/kg-K, M = 28.013 kg/kmol 

T ri = 2.323, P ri = 0.295, hj -hj = 0.06 x 8.3145 x 126.2 = 62.96 kJ/kmol 

hi = h* + C Pn (Ti - T 0 ) + (hi - h*) ; h*=0, Tj - T 0 = 0 
State 2: 50% Propane, 50% Nitrogen by mol, T 2 = 20°C, P 2 = 500 kPa 

T cmix = ^yi T ci = 248 K ’ P cmix = ^yi P ci = 3 - 82 MPa 

T r2 = 1.182, P r2 = 0.131, Z 2 = 0.97, (h 2 - h 2 )/RT c = 0.06 
^2 = h 2o + C Pmix (T 2 - T 0 ) + (h 2 - h 2 ) ; h 2o = 0, T 2 - T 0 = 0 


a) n| = ni => n 2 = nj + n| = 0.1024, 


V 2 = n 2 Z 2 RT 2 /P 2 = 0.0484 nr 
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b) Energy Eq.: Q cv + njhj = n 2 u 2 - n 21 u 21 + W cv ; u = h - Pv 


W cv = (P l + P 2 )(V 2 - V p/2 = 19.88 kJ 

Qcv = n 2^2 - n lhi - nihi - P 2 V 2 + PiVi + W cv 

hj = -62.96 kJ/kmol, h 2 = -123.7 kJ/kmol, Q cv = 50.03 kJ 
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12.141 

A newly developed compound is being considered for use as the working fluid in 
a small Rankine-cycle power plant driven by a supply of waste heat. Assume the 
cycle is ideal, with saturated vapor at 200°C entering the turbine and saturated 
liquid at 20°C exiting the condenser. The only properties known for this 
compound are molecular weight of 80 kg/kmol, ideal gas heat capacity C po = 0.80 

kJ/kg K and T c = 500 K, P c = 5 MPa. Calculate the work input, per kilogram, to 

the pump and the cycle thermal efficiency. 



Tj = 200°C = 473.2 K, = 1.0 
T 3 = 20°C = 293.2 K, x 3 = 0.0 

Properties known: 

M = 80, C pQ = 0.8 kJ/kg K 

T C = 500K, P c = 5.0MPa 

473.2 293.2 

T rl - 500 -°- 946 ’ T r3“ 500 


0.586 


R = R/M = 8.31451/80 = 0.10393 kJ/kg K 


From Fig. D.l, 

P , = 0.72, P. = 0.72 x 5 = 3.6 MPa = P. 

P , = 0.023, P Q = 0.115 MPa = P 0 , = 0.004 

rJ j z fj 

Z F3 RT 3 0.004x 0.10393 x 293.2 

v F3 = ~ = = 0 - 00106 m /k S 

4 

w p = - / vdP * v p3 (P 4 -P 3 ) = -0.00106(3600-115) = -3.7 kJ/kg 

3 

q H + h 4 = h i ’ but h 3 = h 4 + w P => q H = ( h r h 3 ) + w P 

From Fig. D.2: 

(hi-hj) = RT C x 1.25 = 0.103 93 x 500 x 1.25 = 64.9 kJ/kg 

(h 3 -h 3 ) = 0.103 93 x 500 x 5.2 = 270.2 kJ/kg 

(hi-h 3 ) = C po (T r T 3 ) = 0.80(200-20) = 144.0 kJ/kg 
(h r h 3 ) = -64.9 + 144.0 + 270.2 = 349.3 kJ/kg 
q H = 349.3 + (-3.7) = 345.6 kJ/kg 
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* * * * 

Turbine, (s 2 - s x ) = 0 = -(s 2 - s 2 )+(s 2 - Sj) + (sj - 
From Fig. D.3, 

(sj-Sj) = 0.10393x0.99 = 0.1029 kJ/kg K 

* * 293.2 115 

(S 2 -SJ) = 0.80 In 2 ' 0-103 93 In ^qq = -0.0250 

Substituting, 

s 2 -s ? = +0.1029 - 0.0250 = 0.0779 = (s 2 -s p? ) - x 9 s pG9 

0.0779 = 0.103 93x8.85 - x 2 x0.103 93(8.85-0.06) => x 2 = 0.922 

(h 2 -h 2 ) - (h 2 -h p2 ) - x 2 h pG2 
From Fig. D.2, 

h pG9 = 0.10393 x 500 (5.2-0.07) = 266.6 

(h 2 -h 2 ) = 270.2 -0.922 x 266.6 = 25.0 

w T = (h f h 2 ) = -64.9 + 144.0 + 25.0 = 104.1 kJ/kg 

w net 104.1-3.7 
n m - q H - 345.6 _0,29 
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12.142 


A 200-L rigid tank contains propane at 400 K, 3.5 MPa. A valve is opened, and 
propane flows out until half the initial mass has escaped, at which point the valve 
is closed. During this process the mass remaining inside the tank expands 

according to the relation A ’ 1 ' 4 = constant. Calculate the heat transfer to the tank 
during the process. 

C^H : V = 200 L, T, = 400 K, P, = 3.5 MPa 

jo 1 1 

Flow out to nx, = nij/2 ; Pv 1 ' 4 = const inside 


400 3.5 

T r i - 369.8 - 1-082, P rl - ^ 25 - 0.824 


0.74x0.188 55x400 


Vl = 


3500 


= 0.01594, v 2 

0.2 1 
m i = 0.015 94 = 12 ’ 55kg ’ m 2 = 2 m i 


FigD.l: Zj =0.74 
= 2v 1 = 0.03188 
= 6.275 kg, 



_ 1.326 _ 
P r2- 4.25 “ 

P 2 v 2 = z 2 rt 


1.4 


3500 

= — U~= 1326 kPa 

jL* 


0.312 


Trial & error: saturated with 
T 2 = 0.826x369.8 = 305.5 K& 
1326x0.03188 

7 „ n 734 

2 0.188 55x305.5 


Z 2 = Z F2 + x 2 (Z G2 - Z F2 ) = 0.734 = 0.05 + x 2 (0. 78-0.05) => x 2 = 0.937 
(hi-hj) = 0.188 55x369.8(0.9) = 62.8 
(h 2 -hi) = 1.6794(305.5-400) = -158.7 


(h 2 -h 2 ) = (h 2 -h F2 ) - x 2 h FG2 = 0.188 55x369.8 [4.41 - 0.937(4.41-0.55) 
= 55.3 

Energy Eq.: Q cv = m 2 h 2 - nijlq + (P r P 2 )V + m e h e AVE 

Let lq = 0 then fq = 0 + (fq-fq) = -62.8 
h 9 = h^ + (fq-fq) + (h 2 -h 2 ) = 0 - 158.7 - 55.3 = -214.0 


] 


h eAVE = <V>'2> /2 = - 138 - 4 
Q cv = 6.275(-214.0) - 12.55(-62.8) 

+ (3500-1326)x0.2 + 6.275(- 138.4) = -981.4 kj 
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12.143 


One kilogram per second water enters a solar collector at 40°C and exits at 190°C, 
as shown in Fig. P12.143. The hot water is sprayed into a direct-contact heat 
exchanger (no mixing of the two fluids) used to boil the liquid butane. Pure 
saturated-vapor butane exits at the top at 80°C and is fed to the turbine. If the 
butane condenser temperature is 30°C and the turbine and pump isentropic 
efficiencies are each 80%, determine the net power output of the cycle. 

H 9 0 cycle: solar energy input raises 1 kg/s of liquid H 9 0 from 40°C to 190°C. 

Therefore, corresponding heat input to the butane in the heat exchanger is 

Q h = m(h F 190C -h F40C ) H2O = 1(807.62-167.57) = 640.05 kW 



_ 303.2 
T r3 _ 425.2 


0.713 


c 4 H io c y cle 


Tj = 80 °C, Xj = 1.0 ; T 3 = 30 °C, x 3 = 0.0 

il ST = hsp = 0-80 
353.2 


T . = 


= 0.831 


n “425.2 
From D.l, D.2 and D.3: 

P l = 0.325x3800= 1235 kPa 


(fq-hj) = 0.143 04x425.2x0.56 = 34.1 


(sj-Sj) = 0.143 04x0.475 = 0.0680 


From D.l, D.2 and D.3: P 3 = 0.113x3800 = 429 kPa 

sat. liq.: (h*-h F ) = RT c x4.81 = 292.5 ; (s*-s p ) = Rx6.64 = 0.950 

sat. vap.: (h*-h G ) = RT c x0.235 = 14.3 ; (s*-s G ) = Rx0.22 = 0.031 

Because of the combination of properties of C 4 H 10 (particularly the large C pQ 
/R), s { is larger than s G at T v To demonstrate, 

* * 353 2 1235 

( s r s G3) = 1.7164 In 0.143 04 In = 0.1107 

(s r s G3 ) = -0.0680 + 0.1107 + 0.031 = +0.0737 kJ/kg K 
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so that T og will be > T v as shown in the T-s 

diagram. A number of other heavy hydrocarbons 
also exhibit this behavior. 

Assume T = 315 K, T oc = 0.741 

2S r2S 


From D.2 and D.3: 

(h 2 S -h 2S ) = RT c x0.21 = 12.8 and (s 2 S -s 2S ) = Rx0.19 = 0.027 

* * 353 2 1235 

( s r s 2 s) = 1-7164 In ^5 - 0.143 04 In ^9 = +0.0453 


(s r s 2S ) = -0.0680 + 0.0453 + 0.027 * 0 
^T 2S = 315K 

(hi-hjs) = 1.7164(353.2-315) = 65.6 

w ST = h f h 2S = -34.1 + 65.6 + 12.8= 44.3 kJ/kg 

w T = r| s xw ST = 0.80x44.3 = 35.4 kJ/kg 
At state 3, 


V 3 = 


0. 019x0,143 04x303 .2 
429 


= 0.001 92 m 3 /kg 


-w sp * v,(P 4 -P,) = 0.001 92(1235-429) = 1.55 kJ/kg 


3 V 4 3 


- w sp 1 55 

-w P = — =0J= I ' 94 kJ/ kg 

•sp 

w NET = w T + w p = 35.4 - 1.94= 33.46 kJ/kg 
For the heat exchanger, 


Q h 640.05 ^^^(hf^) 

But hj-h^ = h^h^+Wp 

h f h 3 = (h f hi) + (h*-h*) + (h 3 -h 3 ) 

= -34.1 + 1.716(80 - 30) + 292.5 = 344.2 kJ/kg 
Therefore, 

640.05 , o , 

m C4Hio _ 344.2-1.94 - 


W = m w 
NET C4H10 NET 


1.87 x 33.46 = 62.57 kW 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.144 


A piston/cylinder contains ethane gas, initially at 500 kPa, 100 L, and at ambient 
temperature, 0°C. The piston is now moved, compressing the ethane until it is at 
20°C, with a quality of 50%. The work required is 25% more than would have 
been required for a reversible poly tropic process between the same initial and 
final states. Calculate the heat transfer and the entropy generation for the process. 

Ethane: T c = 305.4 K, P c = 4.88 MPa, 

R = 0.2765 kJ/kg-K, C p = 1.766 kJ/kg K 
State 1: T rl = 0.895, P rl = 0.102 -» Z x = 0.95 

vj = ZjRTj/Pj = 0. 1435 m 3 /kg, mj = Vj/vj = 0.697 kg 

(hj - hj) = 0.13RT C =11.0 kJ/kg, (sj - s : ) = 0.09 R = 0.025 kJ/kg K 


State 2: T 2 = 20°C, x 2 = 0.5, {W 2 = 1.25W rev 

T r2 = 0.96, P r2 = 0.78, P 2 = P r2 P c = 3806 kPa 


Zf2 = 0.14, Zg2 = 0.54, Z 2 = (1 - X2)Zf + X2Zg = 0.34 
(h 2 - h 2 ) = (1 - x 2 ) 3.65 RT C + x 2 (1.39 RT C ) = 212.8 kJ/kg 

( s 2 - s 2 ) = (1 - x 2 ) 3.45 R + x 2 x 1.10 R = 0.629 kJ/kg K 
v 2 = Z 2 RT 2 /P 2 = 0.0072 m 3 /kg, V 2 = mv 2 = 0.005 m 3 


Polytropic process 

n n P 2 Vj 

P 1 V 1 = P 2 V 2 , ln^“=nln^ — > n = 0.6783 

1 2 

r P 2 V 2 - PiVj 

W rev = 1 P dV = = ' 96 - 3 kJ ’ 

jW 2 = 1.25W rev = -120.4 kJ 


a) Energy Eq.: ^ 2 = m(u 2 - u^ + | W 2 ; u = h - Pv 

h 2 - hi = (h 2 - h 2 ) + (h 2 - hj) + (hj - hj) 

= -212.8 + 1.766(20 - 0) + 11.0 = -166.5 kJ/kg 
u 2 - ui = (h 2 - hj) - (P 2 v 2 - P^j) = -122.2 kJ/kg 


: Q 2 = 0.697 kg (-122.2) kJ/kg - 120.4 kJ = -205.6 kJ 
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b) Entropy Eq.: S gen = m(s 2 - Sj) - 1 Q 2 /T 0 ; T 0 = 0°C = 273.15 K 

^ ^ ^ * 

s 2 - S 1 = ( s 2 - s 2) + ( s 2 “ s l) + ( S 1 “ s l) 

(s 2 - Sj) = C p ln(T 2 / T : ) - R ln(P 2 / P : ) = -0.436 kJ/kg K, 

205.6 

Sggn = 0.697(-0.629 - 0.436 + 0.025) + 2?3 [5 = 0.028 kJ/K 
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12.145 

Carbon dioxide gas enters a turbine at 5 MPa, 100°C, and exits at 1 MPa. If the 
isentropic efficiency of the turbine is 75%, determine the exit temperature and the 
second-law efficiency using the generalized charts. 

C0 9 turbine: r\ s = w/w § = 0.75 
inlet: Tj = 100°C, P ( = 5 MPa, exhaust: P 9 = 1 MPa 

a ) P rl = 738 = °' 678, T rl = 304.1 = 1 - 227, P r2 = 738 = °' 1 36 
From D.2 and D.3, 

(h| - hj) = 0.188 92x304.1x0.52 = 29.9 

(s* - s : ) = 0.188 92x0.30 = 0.0567 

Assume T oc = 253 K, T = 0.832 
2S r2S 

From D.2 and D.3: (h 2S -h 9S ) = RT c x0.20 =11.5 

(s 2 S -s 2S ) = Rx0.17 = 0.0321 

* * 253 1 

(s 2S - Sl ) = 0.8418 In ^^-0.188 92 ln^= -0.0232 

(s 2S - Sj) = -0.0321 - 0.0232 + 0.0567 * 0 
=> T 2S = 253 K 

(h 2S - hj) = 0.8418(253-373.2) = -101.2 

w s = (hj - h 2S ) = -29.9 + 101.2 + 11.5 = 82.8 kJ/kg 

w = il s xw s = 0.75x82.8 = 62.1 kJ/kg = (t^-hi) + (h r h 2 ) + (h 2 -h 0 ) 
Assume T 2 = 275 K, T . 9 = 0.904 

(hj - h 2 ) = 0.8418 (373.2 - 275) = 82.7 
From D.2 and D.3, 

(h 2 - h 2 ) = RT c x0.17 = 9.8 ; (s 2 - s 2 ) = Rx0.13 = 0.0245 

Substituting, 

w = -29.9 + 82.7 + 9.8 = 62.7 « 62.1 => T, = 275 K 


For the exergies we need the entropy changes 
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* * 275 1 

(s 2 - Sj) = 0.841 8 In - 0. 1 88 92 In ^ = +0.0470 

(s 2 - Sj) = -0.0245 + 0.0470 + 0.0567 = +0.0792 

Assuming T Q = 25 °C, 

((Pj - q> 2 ) = (hj - h 2 ) - T () (s 1 - s 2 ) = 62.1 + 298.2(0.0792) = 85.7 kJ/kg 
w 62.1 

T ^2nd Law _ (p i ~cp 2 ~~ 85.7 ~~ 
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12.146 


A 10- m storage tank contains methane at low temperature. The pressure inside is 
700 kPa, and the tank contains 25% liquid and 75% vapor, on a volume basis. The 
tank warms very slowly because heat is transferred from the ambient. 

a. What is the temperature of the methane when the pressure reaches 10 MPa? 

b. Calculate the heat transferred in the process, using the generalized charts. 

c. Repeat parts (a) and (b), using the methane tables, Table B.7. Discuss the 
differences in the results. 

CH 4 : V = 10 m 3 , Pj = 700 kPa 

^liq ! = 2-5 m , V yAp 1 = 7.5m 

0.70 10 

a ) P ri - 4.60 - O' P r2 - 4.60 _ 2. 174 

From D.l: Z = 0.025, Z„, = 0.87 & 

T = 0.74 x 190.4= 140.9 K 


V F1 


0.025x0.5183x140.9 

700 

0.87x0.5183x140.9 


= 0.00261 


V G1 = 


m 


700 


= 0.0908 


2.5 


7.5 


liq i 0.00261 
Total m = 1040.3 kg 


= 957.9 kg, m VAp , = = 82.6 kg 


V 


v 2 “ v i “ m “ 1040.5 


or Z 0 T . = 0.9737 at P = 2.174 

2 r2 r2 


1() Z^xO. 5183x190. 4xT 

= 0.00961 = — 


10 000 


By trial and error 

T , = 1.334 & Z = 0.73, T 0 = 1.334x190.4 = 254.0 K 

r2 2 2 

b) Energy Eq.: 

Q 12 = m^-Uj) = m(h 2 -h | ) - V(P 2 -P,) 

82.6 

Using D.2 & Xj = Jo405^ = 0-0294 

* * 

(hphj) = (h r h fl ) - x J h fgl 

= 0.518 35x190.4 [4.72-0.0794(4.72-0.29)] =431.1 
(h 2 - hj) = C P (T 2 - Tj) = 2.254 (254.0 - 140.9) = 254.9 
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(hz - h 2 ) = 0.5183 x 190.4(1.47) = 145.1 

(h 2 - h { ) = -145.1 + 254.9 + 431.1 = 540.9 kJ/kg 

Q 12 = 1040.5 kg (540.9) kJ/kg - 10 m 3 (10 000-700) kPa 

= 469 806 kj 


c) Using Table B.7 for CH 4 

T, = T c , = 141.7 K, v =0.002 675, u = -178.47 

1 SAT 1 FI FI 


v ri = 0.090 45 , u = 199.84 

Ul Lil 

2.5 


7.5 


= 82.9 


m LiQ l “ 0.002 675 - 934,6 ’ m VAP l “ 0.090 45 

10 o 

Total mass m = 1017.5 kg and v 9 = = 0-009 828 m 3 /kg 


At v 9 & P ? = 10 MPa — > 


T 0 = 259.1 K 
u 9 = 296.11 


Q ]2 = m(u,- Ul ) = 1017.5x296.11 - 934.6(-178.47) - 82.9(199.84) 

= 451 523 kj 
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12.147 

Consider the following reference state conditions: the entropy of real saturated 
liquid methane at -100°C is to be taken as 100 kJ/kmol K, and the entropy of 
hypothetical ideal gas ethane at -100°C is to be taken as 200 kJ/kmol K. 

Calculate the entropy per kmol of a real gas mixture of 50% methane, 50% ethane 
(mole basis) at 20°C, 4 MPa, in terms of the specified reference state values, and 
assuming Kay’s rule for the real mixture behavior. 

CH 4 : T q = - 100 °C, s LIQ 0 = 100 kJ/kmol K 

C 2 H 6 : T q = - 100 °C, P () = 1 MPa, §q = 200 kJ/kmol K 
Also for CH 4 : T c = 190.4 K, P c = 4.60 MPa 

For a 50% mixture Kay’s rule Eq. 12.84: 

Tcmix = 0.5 x 190.4 + 0.5 x 305.4 = 247.9 K 
Pcmix = 0.5 X 4.60 + 0.5 X 4.88 = 4.74 MPa 
IG MIX at T q (=-100 °C), P () (= 1 MPa): 

CH.: T = 0.91 , P_ = 0.57 x 4.60 = 2.622 MPa 

4 rU Lr 

CH4 = S LI q op +0 'S LIQ ) at p " P ' n ( P ()^ P G' ) 

U u 

= 100 + 4.01x8.3145 - 8.3145 In (1/2.622) = 141.36 
i mix = 0.5x141.36 + 0.5x200 - 8.3145(0.5 In 0.5 + 0.5 In 0.5) = 176.44 

C pn MTY = 0.5x16.04x2.254 + 0.5x30.07x1.766 = 44.629 

P0 MIX 

* 293 2 4 

Stp MIX = 176 - 44 + 44 - 6291n Y%2‘ 83145 ln l = 18831 kJ/kmo1 K 

For the mixture at T, P: T = 1.183, P = 0.844 

r r 

* 

Entropy departure s TP MIX - s Jp = 0.4363x8.3145 = 3.63 kJ/kmol K 
Therefore, 

s Tp MIX = 188.41 - 3.63 = 184.78 kJ/kmol K 
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An alternative is to form the ideal gas mixture at T, P instead of at T Q , P Q : 

* - T - P 

STP CH4 = ^LIQ 0 + ^ ‘^LIQ' ) + ^PO CH4 T " ^ ^ P„ 

0 G 

P G’ T 0 at P G’ T 0 

293.2 4 

= 100 + 33.34 + 16.04x2.254 In 8.3145 lny^ 

= 100 + 33.34 + 19.03 - 3.53 = 148.84 kJ/kmol K 

* 293 2 4 

s T p C 2 H 6 = 200 + 30.07x1.766 In ^ 2 ' 8.3145 In y 

= 200 + 27.96 - 11.53 = 216.43 kJ/kmol K 

SppMix = 0.5x148.84 + 0.5x216.43 

- 8.3145(0.5 In 0.5 + 0.5 In 0.5) = 188.41 kJ/kmol K 

s Tp MIX = 188.41 - 3.63 = 184.78 kJ/kmol K 
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12.148 

Determine the heat transfer and the net entropy change in problem 12.129. Use 
the initial pressure of the carbon dioxide to be 4.56 MPa before the ethylene is 
flowing into the tank. 

A gas mixture of a known composition is frequently required for different 
purposes, e.g., in the calibration of gas analyzers. It is desired to prepare a gas 
mixture of 80% ethylene and 20% carbon dioxide (mole basis) at 10 MPa, 25°C 
in an uninsulated, rigid 50-L tank. The tank is initially to contain C02 at 25 °C 
and some pressure PI. The valve to a line flowing C2H4 at 25°C, 10 MPa, is now 
opened slightly, and remains open until the tank reaches 10 MPa, at which point 
the temperature can be assumed to be 25 °C. Assume that the gas mixture so 
prepared can be represented by Kay’s rule and the generalized charts. Given the 
desired final state, what is the initial pressure of the carbon dioxide, PI? 


A = C 9 H 4 , B = CO ? 

T 1 = 25 °C 

P 9 = 10 MPa, T 9 = 25 °C 

y A2 = °- 8 ’ y™ = °- 2 


B2 


P ± =1 0 MPa A 
T ± = 2§ C 


V=0 . 05 Hi 


Mixture at 2 : 

P C2 = 0.8 x 5.04 + 0.2 x 7.38 = 5.508 MPa 
T C2 = 0.8 x 282.4 + 0.2 x 304.1 = 286.7 K 
T . = 298.15/286.7 = 1.040; P . = 10/5.508 = 1.816 

r2 ’ r2 


D.l : Z 9 = 0.32 
P 2 V 


10 000x0.05 


n 2 - 0.32x8.3145x298.2 

Z 2 R1 2 


= 0.6302 kmol 


n. =n. = 0.8n = 0.5042 kmol CLH. 

A2 i 2 2 4 

n B1 = n. = 0.2 n 9 = 0.1260 kmol C0 9 

dZ 1 Z A 

298.2 4560 

T . = 0.981 and P , = = 0.618 



n - 304.1 


n “ 7380 


Energy Eq.: Q cy + n.h. = n 9 u 2 - n^ = n 2 & 2 - n^ - (P 2 -Pj)V 

or Qcv = n 2 ^ 2 '^) - VVhi) - n./h.-hj ) - (P^-P^V 
(since T. = T l = T y hj = h, = h 2 ) 

(hj-hj) = 0.83 x 8.3145 x 304.1 = 2099 kJ/kmol 
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(hj-h 2 ) = 3.40 x 8.3145 x 286.7 = 8105 kJ/kmol 

298.2 10 

T ri “ 282.4 _ 1-056 ’ P ri _ 5.04 _ 1-984 

(h*-h.) = 3.35x8.3145x282.4 = 7866 kJ/kmol 
Q cv = 0.6302(-8105) - 0.126(-2099) - 0.5042(-7866) - (10 000-4560)x0.05 

= -1149 kj 

AS CV = n 2 s 2 ' n i^i ’ A^surr = - Q cv /T 0 " n i^i 

ASgen = n 2 s 2 - njSj - Q cv /T 0 - n.s. 

Let s A0 = s B0 = 0 at T () = 25 °C, P () = 0.1 MPa 

Then s MIX 0 = -8.3145 (0.8 In 0.8 + 0.2 In 0.2) = 4.161 kJ/kmol K 
* * * 

= S B0 + (S P1 TrSp0T0) B + (Sj-Spi Tl) B 

4.56 

= 0 + (0-8.3145 ln-Qy) - 0.60 x 8.3145 = -36.75 kJ/kmol K 

* * * * 

Sj = sag + (spi Ti’Spo to) a + (SfSpj xi ) A 

10 

= 0 + (0-8.3145 In yy) - 2.44x8.3145 = -58.58 kJ/kmol K 

* H= * * 

S 2 = SMIX 0 + (Sp2 T2‘Spo To) MIX + (V® P2 T2) MIX 

10 

= 4.161 + (0-8.3145 lnyy) - 2.551x8.3145 = -55.34 kJ/kmol K 

S gen = 0.6302(-55.33) - 0.126(-36.75) - 0.5042(-58.58) + 1149/298.2 

= +3.15 kJ/K 
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Clapeyron Equation 
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12.149 

Verify that Clapeyrons equation is satisfied for R-410A at 30 F in Table F.9. 


Clapeyron Eq.: 


dPsat dPg hfg 

dT = dT = Tvfg 


F.9: P = 1 1 1.796 psia, h fg = 95.75 Btu/lbm, Vf g = 0.5289 fr/lbm 

Slope around 30 F best approximated by cord from 20 F to 40 F 

dPg 133.163-93.128 _ . , 

dT — 40-20 _ 2.00 psia/R, 

hfg 95.75 778 

Tvf g _ 489.7 x 0.5289 144 _ L997 psia/R 


This fits very well. 
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12.150 

Use the approximation given in Problem 12.16 and Table F.7 to determine A and 
B for steam from properties at 70 F only. Use the equation to predict the 
saturation pressure at 80 F and compare to table value. 


In P sat = A - B/T 


dP ~ 

"Jf = P sat (-B)(-T 2 ) 


so we notice from Eq.12.7 and Table values from F.7.1 and F.4 that 


B = 


1053.95 


R - 85.76/778 


= 9561.3 R 


Now the constant A comes from the saturation pressure as 

9561.3 

A = In P sat + B/T = In 0.363 + 459 ^ + jq = 17.038 

Use the equation to predict the saturation pressure at 80 F as 

9561.3 

l n ^sat - A - B/T - 17.038 - 459 g 7 + gQ - -0.6789 
Psat = 0.5071 psia 

compare this with the table value of P sat = 0.507 psia and we have a very accurate 
approximation. 
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12.151 

Find the saturation pressure for refrigerant R-410A at -100 F assuming it is higher 
than the triple point temperature. 


The lowest temperature in Table F.9 for R-410A is -80 F, so it must be 
extended to -100 F using the Clapeyron Eq. 12.7 integrated as in example 12.1 


AtT =-80 F = 379.7 R, 


, 1.9859 

Pj = 8.196 lbf/in. “ and R = 72 ~ 5&5 = 0-027 36 Btu/lbm R 

P_ h f g ( T - T i) _ 121.14 (359.7-379.7) _ 
ln Pj _ R T x T ~~ 0.027 36 359.7 x 379.7 ~~ "°' 6484 


P = P, exp(-0.6484) = 4.286 lbf/in.' 
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12.152 

Using thermodynamic data for water from Tables F.7.1 and F.7.3, estimate the 
freezing temperature of liquid water at a pressure of 5000 lbf/in. . 



FLO ^ « constant 

2 dT Tv if 

At the triple point, 

v if = v f - Vj = 0.016 022 - 0.017 473 

= -0.001 451 ft 3 /lbm 


h if = h f - h. = 0.0 - (-143.34) = 143.34 Btu/lbm 


dp if _ 143.34 
dT “491.69(-0.001 451) x 


778.2 

144 


= -1085.8 lbf/in. 2 R 


=> at P = 5000 lbf/in 2 , 


T 


* 32.02 + 


(5000-0.09) 

(-1085.8) 
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12.153 

Ice (solid water) at 27 F, 1 atm is compressed isothermally until it becomes liquid. 
Find the required pressure. 

Water, triple point T = 32.02 F = 491.69 R, P = 0.088 67 lbf/in. 2 
v f = 0.016 022 ft 3 /lbm, v i = 0.017 473 ft 3 /lbm 
hf = 0.00 Btu/lbm hj = -143.34 Btu/lbm 

dPjf hf-hj 143.34x778.2 

Clapeyron -^r = = _ 0 00 ! 45 i x4 9 i ,69x 14 4 = “ 1 085 8 P sia/R 

dP,t 

AP » ~^r AT = -1085.8 (27 - 32.02) = 5450.7 lbf/in. 2 

P = P + AP = 5451 lbf/in. 2 

tP 
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Volume Expansivity and Compressibility 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


12.154 

Determine the volume expansivity, a P , and the isothermal compressibility, [) T , for 
water at 50 F, 500 lbf/in. 2 and at 400 F, 1500 lbf/in. 2 using the steam tables. 


Water at 50 F, 500 lbf/in. (compressed liquid) 

1^3v\ 1/Av\ 

ap = v W'P * vW^P 


Using values at 32 F, 50 F and 100 F 


1 0.016 1-0.015 99 

ap ~ 0.015 99 100-32 


= 0.000 101 F-l 


p t - vVT~ v^AP^T 


Using values at saturation, 500 and 1000 lbf/in.“ 



1 0.015 99-0.016 02 

0.015 99 1000-0.178 


= 0.000 0019 in. 2 /lbf 


Water at 400 F, 1500 lbf/in. 2 (compressed liquid) 


1 0.019 25 -0.017 85 


CCp 


0.018 45 


450 - 350 


= 0.000 76 F 1 



1 0.0184-0.0185 

0.018 45 2000- 1000 


= 0.000 0054 in. 2 /lbf 
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12.155 

Use the CATT3 software to solve the previous problem. 

The benefit of the software to solve for the partial derivatives is that we can 
narrow the interval over which we determine the slope. 


Water at 50 F, 500 lbf/in. 2 (compressed liquid) 

_!/5v\ UAvx . _ L-av-. _ I/Avn 

a p - v WP ~ v^AT'P ’ P T - V Wt ~ v^AP'T 

Estimate by finite difference using values at 40 F, 50 F and 60 F, 

1 0.01601 -0.01599 

a T' 0.01 600 60-40 -0.000 0625 F- 

Using values at saturation, 500 psia and 1000 psia, 



1 0.01597-0.01602 

0.0160 1000-0.178 


= 0.000 0031 



Water at 400 F, 1500 lbf/in. 2 (compressed liquid) 

Estimate by finite difference using values at 350 F, 400 F and 450 F, 



1 0.019 26-0.017 86 

0.01 849 450 - 350 


= 0.000 757 F-l 


Using values at 1000 psia, 1500 psia and 2000 psia, 



1 0,01 844-0.01 855 

0.018 49 2000- 1000 -0.000 0059 
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12.156 

A cylinder fitted with a piston contains liquid methanol at 70 F, 15 lbf/in. and 

volume 1 ft 3 . The piston is moved, compressing the methanol to 3000 lbf/in. 2 at 
constant temperature. Calculate the work required for this process. The isothermal 

compressibility of liquid methanol at 70 F is 8.3 x 10 in. /lbf. 

l w 2 = /Pdv = f P(|) T dP T = -/ vP x PdP T 

1 l 

V PtY 2 

For v « const & p T « const. => jW 2 = - ~ 2 ~ V 2 - Pi/ 

For liquid methanol, from Table F.3 : p = 49.1 lbm/ft 3 
V 1 = 1.0ft 3 , m = 1.0x49.1 = 49.1 lbm 

1.0 x 8.3 x io- 6 r 2 A 

,W 2 = ^ 1_(3000) 2 - (15) 2 Jx 144 = 5378.4 ft lbf = 6.9 Btu 
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12.157 

Sound waves propagate through a media as pressure waves that causes the media 
to go through isentropic compression and expansion processes. The speed of 
sound c is defined by c 2 = ioPlop)^ and it can be related to the adiabatic 

9 

compressibility, which for liquid ethanol at 70 F is 6.4 x 10 in. /lbf. Find the 
speed of sound at this temperature. 


2 ^ = _ 2 (^ 1 1 

C ^dp's " v Vdv^s J/Sv\ P S P 

'vVaP^s P 

From Table F.3 for ethanol, p = 48.9 lb m/ft 1 
32.174x144 \ 1/2 


= ( 


6.4x10' 6 x48.9 


^ 1/2 _ 


3848 ft/s 
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12.158 

Consider the speed of sound as defined in Eq. 12.42. Calculate the speed of sound 

9 9 

for liquid water at 50 F, 250 lbf/in. and for water vapor at 400 F, 80 lbf/in. using 
the steam tables. 


From Eq 12.42: c- = (|) s = -v 2 (f ) s 

Fiquid water at 50 F, 250 lbf/in. 2 

/0P\ /AP\ 

Assume - \^) T 

Using saturated liquid at 50 F and compressed liquid at 50 F, 500 lbf/in. 2 , 

2 _ / 0.016024+0.015998 \2/ (500-0.18)x144x32.174 \_ 6 

c ~ \ 2 M 0.015998-0.016024 ) ~ 22 - 832x10 

c = 4778 ft/s 

Superheated vapor water at 400 F, 80 lbf/in. 2 

v = 6.217 ft 3 /lbm, s = 1.6790 Btu/lbm R 
At P = 60 lbf/in. 2 & s = 1.6790: T = 343.8 F, v = 7.7471 ft 3 /lbm 
At P = 100 lbf/in. 2 & s = 1.6790: T = 446.2 F, v = 5.2394 ft 3 /lbm 



-(6.217) 2 


/ (100-60)x 144x32. 174 
V 5.2394-7.7471 


) 


= 2.856 x 10 6 


c =1690 ft/s 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


12.159 

f\ O 

Liquid methanol at 77 F has an adiabatic compressibility of 7.1 x 10 in /lbf. 
What is the speed of sound? If it is compressed from 15 psia to 1500 psia in an 
insulated piston/cylinder, what is the specific work? 


From Eq. 12.41 and Eq. 12.42 and the density from table F.3 

2 = = _ 2 (3n i i 

C '"dp's V '"dv's p s p 7.1 x 10' 6 x 49.1 


144 x 32.174 ft 2 /s 2 


= 13.290 x 10 6 ft 2 /s 2 

c =3645 ft/s 

The specific work becomes 

w = JP dv = JP (-P s v ) dP 


= -p s v 0.5 (F 2 2 - Pj) 


2 

j P s v P dP = -p s v f P dP 

1 


= -7.1 x 10' 6 in 2 /lbf x ft 3 /lbm x (1500 2 - 15 2 ) psi 2 
= -0.163 (ft-lbf/lbm) (ft/in) 2 = -23.4 ft-lbf/lbm = -0.03 Btu/lbm 
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Equations of State 
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12.160 

Use Table F.9 to find the compressibility of R-410A at 140 F and a) saturated 
liquid b) saturated vapor and c) 400 psia 

Table F.l: R = 1545.36 / 72.585 = 21.29 lbf-ft/lbm-R 

a) Table F.9. 1: P = 556.488 psia, v = 0.01966 ft 3 /lbm 

Pv 556.488 x0,01966 x 144 
Z- RT~ 21.29 x 599.7 -0-1234 

b) Table F.9. 1: P = 556.488 psia, v = 0.0796 ft 3 /lbm 

Pv 556.488 x 0,0796 x 144 
Z_ RT _ 21.29 x 599.7 _ 0,5 

c) Table F.9. 2: P = 400 psia, v = 0.1574 ft 3 /lbm 

Pv 400x0.1574x 144 
a- RT - 21.29x 599.7 

The R-410A is not an ideal gas at any of these states. 
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12.161 


Calculate the difference in internal energy of the ideal-gas value and the real-gas 
value for carbon dioxide at the state 70 F, 150 lbf/in. , as determined using the 
virial EOS. At this state B = -2.036 ft 3 /lb mol, T(dB/dT) = 4.236 1171 b mol. 


Solution: 


virial: 


u-u = - 


C0 2 at 70 F, 150 lbf/in' 


RT BRT 
P = — + ^r" 


v 


V‘ 


/5P\ _ R BR RT/dB\ 
W'v “ v + v 2 + v 2 MT/ 


OO 


V 


Mf),- p ]* = 


00 RT 2 / dB\ RT 2 dB 

v 2 MT/ 


dv =- 


v dT 


V 


B = -2.036 ft 3 /lbmol T (df )= 4:236 ft 3 /lbmol 

Solution of virial equation (quadratic formula): 


v=|^p-[l + 1+4 BP/Rt] 


RT 1545x529.7 
But P “ 150x144 _ 37-8883 


v = 0.5x37.8883 [l + ^/l+4(-2.036)/37.8883] = 35.7294 ft 3 /lbmol 

Using the minus-sign root of the quadratic formula results in a compressibility 
factor < 0.5, which is not consistent with such a truncated equation of state. 

RT dB -1.9859x529.7 


_ * 

u-u = - 


V 


T 


dT 


35.7294 


4.236 = -123.9 Btu/lbmol 
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12.162 

How low should the pressure be so that nitrous oxide (N 2 0) gas at 501.6 R can be 
treated as an ideal gas with 5 % accuracy or better? 

From Table F.l: T c = 557.3 R, P c = 1050psi 

501.6 _ 

-> T n _ 557.3 ~ 0 - 9 

Look in Fig. D.l following the curve T = 0.9 to the point where Z = 0.95 
P fl =0.125 so P < 0.125 x 1050 psi = 131 psi 
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12.163 

Nitrous oxide (N 2 0) at 501.6 R is at a pressure so that it can be in a two-phase 

state. Find the generalized enthalpy departure for the two saturated states of liquid 
and vapor. 

From Table F.l: T c = 557.3 R, P c = 1050 psi 

501.6 _ 

-> T n“ 557.3 ~ 0 - 9 

From Fig. D.2: 

Saturated liquid: (h - h f )/RT c = 4.08; 

Saturated vapor: (h*- h a )/RT c = 0.875 
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Find the heat of evaporation, h fg , for R-134a at 30 F from the generalized charts 
and compare to the value in Table F.10. 

489.7 

From Table F.l: T c = 673.6 R, P c = 589 psia => T fl = 5 = 0.727 

R = 1.98589/102.03 = 0.01946 Btu/lbm-R 

From Fig. D.2: 

Saturated liquid: (h - h f )/RT c = 4.7 ; 

Saturated vapor: (h*- h j/RT c = 0.3 

h fg = h g - h f = RT C [-0.3 - (-4.7)] = 4.4 RT C 

= 4.4 x 0.01946 x 673.6 = 57.67 Btu/lbm 
Table F. 10: h fg = 85.63 Btu/lbm 

The approximation is not very good and can be improved by using the 
accentric factor. 
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Q 9 

A 7-ft' rigid tank contains propane at 1300 lbf/in.“, 540 F. The propane is then 
allowed to cool to 120 F as heat is transferred with the surroundings. Determine 
the quality at the final state and the mass of liquid in the tank, using the 
generalized compressibility charts. 

Propane C.,H 8 : 

V = 7.0 ft 3 , Pj = 1300 lbf/in. 2 , T, = 540 F = 1000 R 


cool to T ? = 120 F = 580 R 


From Table F.l : T c = 665.6 R, P c = 616 lbf/in. 2 


1300 1000 

P r i=W= 2 - 110 ’ T - = 


n “665.6 


1.502 


FromD.l: Z^O.83 


Z i RT i 0.83 x 35.04 x 1000 


V = V = 
2 1 


1 


1300 x 144 


= 0.1554 ft 3 /lbm 


From D.l at T = 0.871, saturated => P =0.43x616 

r2 G2 

0.715 x 35.04 x 580 , 

V G2 = 265 x 144 = 03808 ft /lbm 

0.075 x 35.04 x 580 


= 265 lbf/in. 2 


V = 
F2 


= 0.0399 ft 3 /lbm 


265 x 144 
0.1554 = 0.0399 + x 2 (0.378 1-0.0399) 

m LiQ 2 = F - 0.3388) = 29.8 lbm 


=> x„ = 0.3388 


These tanks 
contain liquid 
propane. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


Borgnakke and Sonntag 


12.166 

A rigid tank contains 5 lbm of ethylene at 450 lbf/in. , 90 F. It is cooled until the 
ethylene reaches the saturated vapor curve. What is the final temperature? 




C 9 H 4 m = 5 lbm 

Pj = 450 lbf/in 2 , = 90 F = 249.7 R 

549.7 


450 

P rl = 731 = 


T . = 


Fig. D.l 


n “508.3 
Z =0.82 


= 1.082 


P =P 


Z T 

2 r2 


7 T 

02 r2 t 

r2 ‘rlZ.T. 0.82 X 1.082 02^ 


= 0.616 


1 rl 


Trial & error to match a saturated P T „ and the so Eq. is satisfied. 

r2 r2 G2 1 

Guess a T and find the rest and compare with computed P 0 from Eq. 

T „ P „ P 


r2 G2 r2 

0.871 0.715 0.43 


r2 CALC 

0.432 ~ OK 


=> T, = 442.7 R 
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A piston/cylinder contains 10 lbm of butane gas at 900 R, 750 lbf/in. . The butane 
expands in a reversible polytropic process with polytropic exponent, n = 1.05, 

until the final pressure is 450 lbf/in. . Determine the final temperature and the 
work done during the process. 

C 4 H 1q , m = 10 lbm , T 1 = 900R, P [ = 750 lbf/in. 2 
Rev. polytropic process (n = 1.05), P 9 = 450 lbf/in. 2 


900 

T n “765.4 


750 

= U76 > P H = 55l 


= 1.361 


=> From Fig. D.l : Z 1 = 0.67 


10 x 0.67 x 26.58 x 900 , 

v , = mZRW = = 1 484 

P,v; = P 2 V" -> V = 1.484 (|H) 105 = 2414 ft 3 


Z,T = 


P V 

2 2 


450- 

450 x 144 x 2.414 


'2 r2 m RT c 10 x 26.58 x 765.4 


= 0.7688 


at P = 450/551 = 0.817 

r2 

Trial & error: T = 1.068, 

r2 


Z„ = 0.72 => 


T 1 = 817.4 R 


jW 2 = / PdV = 


P V -P V 
2 2 11 

1-n 


/ 450x 2.414-750 x 1.484 \ 144 

V 1 - 1.05 / x 778 


= 98.8 Btu 
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12.168 


Calculate the heat transfer during the process described in Problem 12.167E. 
From solution 12.167, 

V 1 = 1.473 ft 3 , V^ = 2.396 ft 3 , ^ = 98.8 Btu 
T = 1.176, P =1.361, T = 1.068, P =0.817, T =817.4 R 

rl rl r2 r2 2 


fh -h"\ 

fh*-h\ 

FromD.l: ^ = 1.36, 

vRTVy 2 - 095 


lb - h| = 0.415 (817.4 - 900) = -34.3 Btu/lbm 

26.58x765.4 

h 2 - hj = -34.3 + ^ (-0.95 + 1.36) = -23.6 Btu/lbm 

U 2 - ^ = m(h 2 - hj ) - P 2 V 2 + P lVl 

450x144x2.414 750x144x1.484 
= 10(-23.6) - = -231.1 Btu 

{ Q 2 = U, - Uj + ,W 2 = -132.3 Btu 
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The new refrigerant R-152a is used in a refrigerator with an evaporator 
temperature of -10 F and a condensing temperature of 90 F. What are the high and 
low pressures in this cycle? 

Since we do not have the printed tables for R-152a we will use generalized charts. 
The critical properties are: T c = 695.5 R, P c = 656 psi. 

T rl = T/T c = (459.67 - 10)/ 695.5 = 0.646 

Fig. D.l: =P, P c = 0.06 x 656 = 39.4 psi 

° G T1 rl sat L r 

T 2 = T/T c = (459.67 + 90)/ 695.5 = 0.79 

Fig. D.l: P^ =P 0 P_ = 0.25 x 656 = 164 psi 

° G T2 r2 sat L r 
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A cylinder contains ethylene, C 0 H 4 , at 222.6 lbf/in. , 8 F. It is now compressed in 

a reversible isobaric (constant P) process to saturated liquid. Find the specific 
work and heat transfer. 

Ethylene C 2 H 4 Pj = 222.6 lbf/in. 2 = P 2 , Tj = 8 F = 467.7 R 
State 2: saturated liquid, = 0.0 

R = 55.07 ft lbf/lbm R = 0.070 78 Btu/lbm R 

467.7 222.6 

T rl “ 508.3 “ 0 - 920 P rl _P r2“ 731 ~ °- 305 

„ _ ^h*-h^ 

From D.l and D.2: = 0.85 , \Rq^/i = 0-40 

c 

_ Z 1 RT 1 _ 0.85 X 55.07 X 467.7 _ 

V i“ P 1 “ 222.6 x 144 -°- 683 

(hi-h^ = 0.070 78 x 508.3 x 0.40 = 14.4 


From D.l and D.2: T, = 0.822 x 508.3 = 417.8 R 


/h*-h\ 

Z 2 - 0.05 , f RT ) 2 - 4. 

c 


42 


Z 2 RT 2 0.05 X 55.07 X 417.8 , 

v 2 = = 222.6 x 144 = °- 035 89 ft /lbm 


(h 2 -h ) = 0.070 78 x 508.3 x 4.42 = 159.0 Btu/lbm 


(hj-hJ) = C p(J (T 2 -T f ) = 0.411(417.8 - 467.7) = -20.5 Btu/lbm 

\ 144 

i w 2 = / = P( v 2 " v i) = 222.6(0.035 89 - 0.683) x = -26.7 Btu/lbm 

l 

{ q 2 = (u 2 - Uj) + } w 2 = (h^hj) = -159.0 - 20.5 + 14.4 = -165.1 Btu/lbm 
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Saturated vapor R-410A at 80 F is throttled to 30 lbf/in. in a steady flow process. 
Find the exit temperature, neglecting kinetic energy, using the generalized charts, 
Fig. D.2 and repeat using Table F.9. 

R-410A throttling process, R = 1.98589/72.585 = 0.02736 Btu/lbm-R 
Tj = 80 F, Xj = 1.00, P 2 = 30 lbf/in. 2 , 

Energy Eq.: lyhj = (h 2 -h 2 ) + (^-hj) + (hph,) = 0 

539.7 

Generalized charts, T fl = | = 0.87 

vj* 

From D.2: (hj-hp = 0.02736 x 620.1 x 0.75 = 12.72 Btu/lbm 

To get C pQ , use h values from Table F.9 at low pressure (5 psia). 

137.6-133.75 

C po » 8CT60 = ^-1925 Btu/lbm R 

V]. 

Substituting into energy Eq.: (h 2 -h 2 ) + 0.1925 (T-, - 30) + 12.72 = 0 

30 

at Pf2 “711 - °- 042 

469.7 

Assume T, = 10 F = 469.7 R => T ? = = 0.757 

(h 2 -h 2 ) = 0.02736 x 620.1 x 0.07 = 1.19 
Substituting, 

-1.19 + 0.1925(10 - 80) + 12.72 = -1.945 

479.7 

Guess T, = 20 F = 479.7 R => T . 2 = y^yy = 0.774 

(h 2 -h 2 ) = 0.02736 x 620.1 x 0.07 = 1.19 
Substituting, 

-1.19 + 0.1925(20 - 80) + 12.72 = -0.02 nearly OK 

=> T., = 20 F (maybe re-estimate C p() at avg T) 


R-410A tables, F.9: T J = 80 F, x } = 1.0 => ly = 122.14 Btu/lbm 

h = h = 122.14 Btu/lbm, = 30 lbf/in. 2 => T 0 = 8.15 F 
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Find the heat of evaporation, h fg , for isobutane (T c = 735.8 R, P c = 529.4 

psia, M = 58.124) at 54.7 F from the generalized charts and compare to the values 
in the CATT3 computerized tables. 

To read the charts we need the reduced temperature 

T rl = T/T c = (54.7 + 459.7)/735.8 = 0.70 

R = 1.98589 / 58.124 = 0.03417 Btu/lbm-R 
From Fig. D.2: (h*- h) g = 0.2 RT C ; (h*- h) f = 4.85 RT C 

h fg = h g - h f = - (h*- h) g - (h*- h) f = (-0.2 + 4.85) RT C 
= 4.65 RT C = 4.65 x 0.03417 Btu/lbm-R x 735.8 R 

= 116.9 kj/kg 

CATT3: h fg = -1 1.01 - (-158.5) = 147.5 Btu/lbm 

The generalized charts are not super accurate, some improvement can be 
done using the accentric factor. 
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A 10-fn tank contains propane at 90 F, 90% quality. The tank is heated to 600 F. 
Calculate the heat transfer during the process. 

V = 10 ft 3 

Tj = 90 F = 549.7 R, Xj = 0.90 
Heat to T 2 = 600 F = 1059.7 R 
M = 44.094, T c = 665.6 R 

P c = 616 lbf/in. 2 

R = 35.04, C pQ = 0.407 Btu/lbm R 

T = 0.826 Figs. D. 1 and D.2 -> Z = 0. 1 x 0.053 + 0.9 x 0.78 = 0.707, 



h i -h x 
RT 


= 0.1 x 4.4 + 0.9 x0.55 =0.935 


P r SAT = 0.31 ; P^ AT = 0.31 x 616 = 191 lbf/in. 2 


m = 


PV _ 191 x 144 x 10 

ZRT - 0.707 x 35.04 x 549.7 


= 20.2 lbm 


P 2 = 


20.2 x Z 9 x 35.04 x 1059.7 
616 x 144 x 10 


1.183 


atT = 1.592 

r2 


Trial & error: 


• < 


P =0.79 and P = 490 lbf/in. 

1*2 2 


h 2’ h 2 

Z 9 = 0.94 and ^ 


= 0.36 


* * 


(hj-hi) = 0.407(600-90) = 207.6 Btu/lbm 
(hi-h 1 ) = 0.935 x 35.04 x 665.9/ 778 = 28.0 

(h 2 -h 2 ) = 0.36 x 35.04 x 665.9/ 778 = 10.8 
From the energy equation 

Q 12 = m ( h 2- h t) * ( P 2- P i) V 

144 x 10 

= 20.2 (-10.8 + 207.6 + 28.0) - (490 - 191) x ?7g 


= +4541 - 553 = 3988 Btu 
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Carbon dioxide collected from a fermentation process at 40 F, 15 lbf/in. should 

be brought to 438 R, 590 lbf/in. “ in a steady flow process. Find the minimum 
amount of work required and the heat transfer. What devices are needed to 
accomplish this change of state? 

35.1 


R = 


T ri - 547.4 - °- 913 ’ p ri - 1070 “ 0-014 


778 
500 


= 0.045 12 Btu/lbm R 


15 


h -h 


* 

From D.2 and D.3: (pq 7- ) = 0 02, (“p - ) = 0.01 R 

c 


T re “ 547.4 “ °- 80 ’ P re“ 1070“ 0-551 


438 


590 


From D.2 and D.3: h„-h = 4.50 RT„, s P -s = 4.70 R 


* * 


(h i -h e ) = -(h i -h.) + (h i -h e ) + (h e -h) 

= - 0.045 12 x 547.4 x 0.02 + 0.203(500 - 438) + 0.045 12 x 547.4 x 4.50 
= 123.2 Btu/lbm 


* * 


(Sj-Sg) = - (Sj -Sj) + (Si-S e ) + (S e -S ) 


500 15 

= - 0.045 12x0.01 + 0.203 In — - 0.045 12 In + 0.045 12x4.70 


438 


590 


= 0.4042 Btu/lbm R 


w rev = (h.-h e ) -T 0 (s.-s e ) = 123.2 - 500(0.4042) = -78.4 Btu/lbm 
q rev = (h e -h.) + w rev = -123.2 - 78.9 = -202.1 Btu/lbm 
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A cylinder contains ethylene, C 0 H 4 , at 222.6 lbf/in. , 8 F. It is now compressed 

isothermally in a reversible process to 742 lbf/in. . Find the specific work and 
heat transfer. 

Ethylene C,H 4 , R = 55.07 ft lbf/lbm R = 0.070 78 Btu/lbm R 
State 1: P[ = 222.6 lbf/in. 2 , T 2 = = 8 F = 467.7 R 

State 2: P 2 = 742 lbf/in. 2 

467.7 222.6 

T r2 “ T rl - 508.3 “ 0 ‘ 920; P rl “731 “ 0 ' 305 

From D.l, D.2 and D.3: Zj=0.85, vrj ) \ ~ 0-40 

c 

(hph^ = 0.070 78 x 508.3 x 0.40 = 14.4 Btu/lbm 

(s j-Sj) = 0.070 78 x 0.30 CD = 0.0212 Btu/lbm R 

742 

P r2 = ^Y= 1.015 (comp, liquid) 

From D.l, D.2 and D.3: Z ? = 0.17 

(h 2 -h 2 ) = 0.070 78 x 508.3 x 4.0 = 143.9 

(S 2 -S 2 ) = 0.070 78 x 3.6 = 0.2548 

* * 

(h 2 -h|) = 0 

^ ^ 7 7. 

( s 2 _s i) = 0 - 0.070 78 In 2226 = '0-0852 

,q 2 = T(s 2 -s 1 ) = 467. 7(-0. 2548 - 0.0852 + 0.0212) = -149.1 Btu/lbm 

(h 2 -h 1 ) = -143.9 + 0 + 14.4 = -129.5 

(u 2 - Ul ) = (h 2 -h } ) - RT(Z 2 -Zj) 

= -129.5 - 0.070 78 x 467.7 (0.17 - 0.85) = -107.0 
jW 0 = 1 q^ - (Uj-Uj) = -149.1 + 107.0 = -42.1 Btu/lbm 
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A geothermal power plant on the Raft river uses isobutane as the working fluid. 

The fluid enters the reversible adiabatic turbine at 320 F, 805 lbf/in. and the 
condenser exit condition is saturated liquid at 91 F. Isobutane has the properties 

Tc = 734.65 R, Pc = 537 lbf/in. 2 , Cpo = 0.3974 Btu/lbm R and ratio of specific 
heats k = 1.094 with a molecular weight as 58.124. Find the specific turbine work 
and the specific pump work. 

R = 26.58 ft lbf/lbm R = 0.034 166 Btu/lbm R 

Turbine inlet: T ,= 779.7 / 734.7 = 1.061, P = 805 / 537 = 1.499 

rl rl 

Condenser exit: T, = 91 F , x, = 0.0 ; T = 550.7/734.7 = 0.75 

3 ’3 r3 

From D.l : P f3 = 0.165, Z 3 = 0.0275 
P 2 = p 3 = 0.165 x 537 = 88.6 lbf/in. 2 
From D.2 and D.3, 

(hi-hj) = 0.034 166 x 734.7 x 2.85 = 71.5 Btu/lbm 

(sj-Sj) = 0.034 166 x 2.15 = 0.0735 Btu/lbm R 

* * 550 7 88 6 

( s 2 ' s i) = 0.3974 In - 0.034 166 In = -0.0628 Btu/lbm R 

(s 2 -s 2 ) = (s 2 -s F2 ) - x 2 s pG2 = 0.034 166 x 6.12 - x 2 x 0.034 166(6.12 - 0.29) 
= 0.2090 -x 2 x 0.1992 

(s 2 - Sl ) = 0 = -0.2090 + x 2 x 0.1992-0.0628 +0.0735 => x 2 = 0.9955 

(h 2 -h|) = Cp^-T,) = 0.3974(550.7-779.7) = -91.0 Btu/lbm 
From D.2, 

(h 2 -h 2 ) = (h 2 -h p2 ) - x 2 h pG2 = 0.034 166x734.7[4.69 - 0.9955(4.69 - 0.32)] 

= 1 17.7- 0.9955 x 109.7 = 8.5 Btu/lbm 
Turbine: w T = (hj-h,,) = -71.5 + 91.0 + 8.5 = 28.0 Btu/lbm 

Z p3 RT 3 o .0275 x 26.58 x 550.7 , 

Pump Vp 3 = p- = g8 6 “ 144 = 0.03 1 55 ft /lbm 

\ 144 

w p = - f vdP « v F3 (P 4 -P 3 ) = -0.031 55(805-88.6) x = -4.2 Btu/lbm 

3 
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A line with a steady supply of octane, CgH 18 , is at 750 F, 440 lbf/in. 2 . What is 

your best estimate for the availability in an steady flow setup where changes in 
potential and kinetic energies may be neglected? 

Availability of Octane at T. = 750 F, P. = 440 lbf/in. 2 

R = 13.53 ft lbf/lbm-R = 0.017 39 Btu/lbm-R 

440 1209.7 

P ri - 361 “ L219 ’ T ri — 1023.8 — 1-182 


From D.2 and D.3: 

(hi-hp = 0.017 39 x 1023.8 x 1.15 = 20.5 Btu/lbm 

(Si-Sj) = 0.017 39 x 0.71 = 0.0123 Btu/lbm R 
Exit state in equilibrium with the surroundings 
Assume T Q = 77 F, P Q = 14.7 lbf/in. 2 


536.7 14.7 

T r0 “ 1023.8 - °- 524 ’ P r0 “ 361 


0.041 


From D.2 and D.3: 

(ho-h 0 ) = RT C x 5.41 = 96.3 and (sj-s 0 ) = Rx 10.38 = 0.1805 

(h*-hj) = 0.409(1209.7 - 536.7) = 275.3 Btu/lbm 

* * 1209.7 440 

(Sj -s 0 ) = 0.409 In 7 - 0.017 39 In ppy = 0.2733 Btu/lbm R 


(h.-h n ) = -20.5 + 275.3 + 96.3 = 351.1 Btu/lbm 

v 1 0 7 

(s.-s 0 ) = -0.0123 + 0.2733 + 0.1805 = 0.4415 Btu/lbm R 
v|/. = w rev = (h.-h 0 ) - T 0 (s.-s 0 ) = 351.1 - 536.7 (0.4415) = 114.1 Btu/lbm 
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12.178 


A distributor of bottled propane, C 3 H 8 , needs to bring propane from 630 R, 14.7 

lbf/in.“ to saturated liquid at 520 R in a steady flow process. If this should be 
accomplished in a reversible setup given the surroundings at 540 R, find the ratio 
of the volume flow rates Vi n /V out , the heat transfer and the work involved in the 
process. 


R = 35.04/778 = 0.045 04 Btu/lbm R 


_ 630 
ki - 665.6 


0.947 


_ 14.7 
- 616 


0.024 


From D.l, D.2 and D.3 : Z. = 0.99 

1 


(h*-h.) = 0.045 04 x 665.6 x 0.03 = 0.9 Btu/lbm 


(Si -s.) = 0.045 04 x 0.02 = 0.0009 Btu/lbm R 


T =520/665.6 = 0.781, 

re 


From D.l, D.2 and D.3 : 

P = = 0.21 , P = 0.21 x 616 = 129 lbf/in . 2 , Z = 0.035 

re e e 

*j» 

(h e -h ) = 0.045 04 x 665.6 x 4.58 = 137.3 Btu/lbm 
(Sg-s ) = 0.045 04 x 5.72 = 0.2576 Btu/lbm R 
(hg-hj*) = 0.407 (520 - 630) = -44.8 Btu/lbm 


* * 520 

(Sg-Sj ) = 0.407 In - 0.045 04 In 


132 

14.7 


= -0.1770 Btu/lbm R 


(h -h.) = -137.3 - 44.8 + 0.9 = -181.2 Btu/lbm 

v e r 

(s -s.) = -0.2576 - 0.1759 + 0.0009 = -0.4326 Btu/lbm R 

v e r 


v m _ Z i T i /P i _ 0.99 630 129 

. "ZT/P “ 0.035 X 520 X 14.7 “ 300,7 

-y- e e e 

out 

w rev = (h. - h e ) - T () (s. - s e ) = 181.2 - 540(0.4326) = -52.4 Btu/lbm 
q rev = (h c - h.) + w rev = -181.2 - 52.4 = -233.6 Btu/lbm 
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Mixtures 
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12.179 

A 4 lbm mixture of 50% argon and 50% nitrogen by mole is in a tank at 300 psia, 
320 R. How large is the volume using a model of (a) ideal gas and (b) Kays 
rule with generalized compressibility charts. 

a) Ideal gas mixture 

Eq.11.5: M mix = £ yi Mj = 0.5 x 39.948 + 0.5 x 28.013 = 33.981 

R = 1545.36 / 33.981 = 45.477 lbf-ft/lbm-R 

mRT 4x 45.477 x 320 lbf-ft ^ 

P 300x 144 psi x in 2 /ft 2 


b) Kay’s rule Eq. 12.84 

P c mix = 0.5 x 706 + 0.5 x 492 = 599 psia 

T C mix = 0-5 X 271.4 + 0.5 X 227.2 = 249.3 R 


Reduced properties: 


300 

P 

rr “ 599 


0.50, 


_ 320 _ 
Tr ~ 249.3 _ 


1.284 


Fig. D.l: Z = 0.92 


V = Z 


mRT 

Mmi x P 


= z Vid gas = 0.92 X 1 .347 = 1.24 ft' 
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12.180 

R-410A is a 1:1 mass ratio mixture of R-32 and R-125. Find the specific volume 
at 80 F, 200 psia using Kays rule and the generalized charts and compare to Table 
F.9 


Kay’s rule Eq. 12.84 

P c mix = 0.5 x 838 + 0.5 x 525 = 681.5 psia 
T c mix = 0.5 x 632.3 + 0.5 x 610.6 = 621.45 R 


Reduced properties: 


„ 200 ^ 539.67 

Pr “ 681.5 -°- 293 ’ T r- 621.45 


0.868 


Table F.l: R = 1545.36 / 72.585 = 21.29 lbf-ft/lbm-R 

Fig. D.l: Z = 0.82 


ZRT 0.82 x 21.29 x 539.67 lbf-ft/lbm 

v = = — — — : — = 0.327 ft 3 /lbm 


200 x 144 


psi x in “/ft: 


Table F.9: v = 0.3174 ft 3 /lbm 
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12.181 

The R-410A in Problem 12.180E flows through a heat exchanger and exits at 280 
F, 200 psia. Find the specific heat transfer using Kay’s rule and the generalized 
charts and compare this to solution found using Table F.9. 


Kay’s rule Eq. 12.84 

P c mix = 0.5 x 838 + 0.5 x 525 = 681.5 psia 
T c mix = °- 5 x 632.3 + °- 5 x 610.6 = 621 .45 R 


Table F.l: R = 1545.36 / 72.585 = 21.29 lbf-ft/lbm-R = 0.02736 Btu/lbm-R 

C P mix = £ q C P i = 0.5 x 0.196 + 0.5 x 0.189 = 0.1925 Btu/lbm-R 


200 539.67 

Reduced properties 1 : P r i = = 6-293, T rl = 45 = 0.868 

Fig. D.l: (h 2 - hi) = 0.45 x RT c = 0.45 x 0.02736 x 621.45 = 7.65 Btu/lbm 

200 739.67 

Reduced properties 2: P r2 = = 0.293, T r2 = ^ j 45 = 1-19 

Fig. D.l: (h 2 - h 2 ) = 0.25 x RT c = 0.25 x 0.02736 x 621.45 = 4.25 Btu/lbm 
The energy equation gives 


: q 2 = (h 2 - hj) = (h 2 - h 2 ) + (h 2 - hj) + (hj - h : ) 

= -4.25 + 0.1925 (280 - 80) + 7.65 

= 41.9 Btu/lbm mix 


Table F.9.2: q = h 2 - hj = 176.26 - 126.34 = 49.92 Btu/lbm 

The main difference is in the value of specific heat, about 0.25 Btu/lbm-R at 
the avg. T, whereas it is 0.1925 Btu/lbm-R at 77 F. 
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Review Problem 
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12.182 


A new compound is used in an ideal Rankine cycle where saturated vapor at 400 
F enters the turbine and saturated liquid at 70 F exits the condenser. The only 
properties known for this compound are a molecular mass of 80 lbm/lbmol, an 
ideal gas heat capacity of Cpo = 0.20 Btu/lbm-R and Tc = 900 R, Pc = 750 psia. 
Find the specific work input to the pump and the cycle thermal efficiency using 
the generalized charts. 



From D.l: P. 

rl 

P 3 = 0.025, P 3 

v o = z, 3 RT 3 /p 3 


I = 400 F = 860 R 

Xj = 1.0 

T 3 = 70 F = 530 R 
x 3 = 0.0 

Properties known: 

M = 80, C po = 0.2 Btu/lbm R 

T c = 900 R, P c = 750 lbf/in. 2 

860 530 

T n - 900 " °' 956 ’ T r3 “ 900 " 


= 0.76, P, = 0.76 x 750 = 570 lbf/in. 2 = P 

1 L 

= 19 lbf/in. 2 = P Z B = 0.0045 


0.0045 x 1545 x 530 
19 x 144 x 80 


= 0.0168 ft 3 /lbm 


0.589 


w p = - / vdP « v fi (P 4 -P 3 ) = -0.0168 (570 - 19) x — = -1.71 Btu/lbm 

3 

q H + h 4 = h i ’ but h 3 = h 4 + w p => q H = ( h ! - h 3 ) + w p 

From D.2, 

(hj - hj) = (1.9859/80) x 900 x 1.34 = 30.0 Btu/lbm 

(hg - h 3 ) = (1.9859/80) x 900 x 5.2 = 116.1 Btu/lbm 

(hi - hj) = C po (T f T 3 ) = 0.2(400-70) = 66.0 Btu/lbm 
(h 3 - h 3 ) = -30.0 + 66.0 + 116.1 = 152.1 Btu/lbm 
q H = 152.1 + (-1.71) = 150.4 Btu/lbm 
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* * * * 

Turbine, (s 2 -Sj) = 0 = -(s 2 - s 2 ) + (s 2 - Sj) + (sj - 
From D.3, 

(s j - Sj) = (1.9859/80) x 1.06 = 0.0263 Btu/lbm R 


* * 530 19 

(s 2 - Sj) = 0.20 In - 0.024 82 In = -0.0124 Btu/lbm R 


Substituting, 

^ SjC 

(s 2 -s 2 ) = - 0.0124 + 0.0263 = 0.0139 = (s 2 -s f2 ) - x 2 s fg0 
0.0139 = 0.024 82 x 8.77 - x 2 x 0.024 82 (8.77 - 0.075) 
=> x 2 = 0.9444 

(h 2 -h 2 ) = (h 2 -h G ) - x 2 h fg2 
From D.2, 

h fo0 = 0.024 82 x 900 (5.2 - 0.07) = 1 14.6 Btu/lbm 
(h 2 -h 2 ) = 116.1 - 0.9444 x 114.6 = 7.9 Btu/lbm 


w T = (hj-hj) = -30.0 + 66.0 + 7.9 = 43.9 Btu/lbm 



w 

NET 

% 


43.9- 1.7 
150.4 


0.281 
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In-Text Concept Questions 
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13.a 

How many kmol of air are needed to bum 1 kmol of carbon? 

Combustion Eq.: C + 0 2 => 1 C0 2 

One kmol of 0 2 is required to form one kmol C0 2 . Since air is 21 % 0 2 , this means 
4.76 kmol of air. 
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13.b 

If I burn 1 kmol of hydrogen H 2 with 6 kmol of air what is the air-fuel ratio on a 
mole basis and what is the percent theoretical air? 

Combustion Eq. stoichiometric: 

H 2 + vq 2 (0 2 + 3.76 N 2 ) => 1 H 2 O + 3.76 vq2 N 2 

v G2 = 0.5 ; (A/F) s = V02 x (1 + 3.76) / 1 = 2.38 


Six kmol of air is: 1.26 0 2 + 4.74 N 2 . 

The A/F mole ratio is 6, so the percent theoretical air is 


%Theoretical air = 


(A/F) 


ac 


(A/F) s 


x 100 = 


2.38 


x 100 = 252 % 



Hydrogen flames are 
nearly colorless, but even 
small traces of other 
substances can give 
color. 
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13.c 

For the 1 10% theoretical air in Eq.13.8 what is the equivalence ratio? Is that 
mixture rich or lean? 


1 10% Theoretical air means also AF = 
so from the definition in Eq. 13.6 

AF S 1 


<F = 


AF _ 1.10 


= 0.909 


1.1 AF S 
a lean mixture 


13.d 

In most cases combustion products are exhausted above the dew point. Why? 

If any water in the products condenses, it will be acidic due to the other gases in 
the products. There are always minute amounts of unbumed or partially burned fuel and 
intermediate species in the products that can combine with water and create a very 
corrosive mixture. 


Corrosion on a 
metal surface. 
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13.e 

How is a fuel enthalpy of combustion connected to its enthalpy of formation? 

The enthalpy of combustion of a fuel is the difference in enthalpy of the products 
and reactants for the combustion involving the fuel, these enthalpies include the various 
enthalpies of formation. 

o o o ° _ Q 

At reference condition: H RP = H P - H R = H P - h f fue , vap or liq 

o 

The value is negative so talk about the heating value as HV = - H RP 
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13.f 

What is the higher and lower heating value HHV, LHV of n-butane? 

The heating value is the negative of the enthalpy of combustion. From 
Table 13.3, the HHV of gaseous n-butane at 25°C is 

HHV = 49 500 kJ/kg, 
and the corresponding LHV is 

LHV = 45 714 kJ/kg. 

Notice the table is on a mass basis (per kg fuel). 



A butane flame 
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15.g 

What is the value of hf 2 for n-octane? 

This can be obtained from two places. From Table A. 10 we get 

h fg = (hf vap - hf liq ) / M = [(-208 600 - (-250 105)] / 1 14.232 = 363 kj/kg 

The h lg of a fuel listed in Table 13.3 is the difference between the first two 
columns in the table (or the third and fourth). For n-octane, this value is 

h fa = -47 893 - (-48 256) = 363 kj/kg 
To see this remember 

o o o ° _ Q 

Hrp — Hp - H r — Hp - hf f ue j va p or pq 

so when we take the difference between fuel as gas and fuel as liquid all other 
terms will cancel out leaving hf g for the fuel when numbers are on mass basis. 
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13.h 


What happens to the adiabatic flame temperature if I bum rich or lean? 

The higher the percent theoretical air used in combustion (the leaner), the larger 
the number of moles of products, especially nitrogen, which decreases the adiabatic flame 
temperature. Burning rich causes incomplete combustion, however, with a smaller 
release of energy. 

Experimentally the highest temperature is reached for slightly rich. 


Is the irreversibility in a combustion process significant? Why is that? 

A combustion process is highly irreversible with a large increase in entropy. It 
takes place at a rapid rate, due to large driving forces, and results in stable products of 
combustion that have little or no tendency to return to their former constituents and 
states. 
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Heavy molecules 
show up as 
yellow. 

Oxygen diffuses 
in from the air and 
the fuel 

evaporates from 
the wick. As air 
mixes in, the 
flame cools. 


13-i 



Borgnakke and Sonntag 


13-j 

If the air-fuel ratio is larger than stoichiometric is it more or less reversible? 

Less reversible, more irreversible. The excess oxidizer (air) is being heated up, Q 
over a finite temperature difference is an irreversible process. The same is true for A/F 
smaller than one where the excess fuel is heated up. 
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13.k 

What makes the fuel cell attractive from a power-generating point of view? 

Fuel cells are attractive for power generation because their direct output is 
electrical energy. They also have a much higher power density as power per unit volume 
or power per unit mass and thus can be used in mobile applications. 



c 

1 

<D 
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Concept-Study Guide Problems 
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13.1 

Is mass conserved in combustion? Is the number of moles constant? 

Yes mass is conserved as we do not consider the quantum physic effect of mass 
and energy conversion. 

Moles are not conserved, what is conserved are the atoms so each atom in the 
reactants must be found in the products. 

13.2 

Does all combustion take place with air? 

Most combustion takes place with air as the oxidizer, special cases do occur 
where a different oxidizer is used. To reach very high temperatures a gas welder uses a 
bottle of pure oxygen (and one with the fuel) instead of air and then the flame can cut 
through steel. 
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13.3 

Why would I sometimes need A/F on a mole basis? on a mass basis? 

If you want to meter (measure) the fuel and air flows it can be done as a 

volume flowrate which is proportional to moles (PV = nRT) in which case concentrations 
on a mole basis are needed. 

The fuel and air flows can also be measured with a method that measures 

mass flow rate m or if you are filling up tanks to store the fuel and oxidizer as in a rocket 
in both cases the concentrations on a mass basis are needed. 


13.4 

Why is there no significant difference between the number of moles of reactants 
versus products in combustion of hydrocarbon fuels with air? 

In most hydrocarbon fuels, there are approximately twice as many hydrogen 
atoms as carbon atoms, so the numbers of moles of CO 2 and H 2 0 in the products are 

roughly equal, the total of which is not too different from the 0 2 required in the reactants. 
The number of excess 0 2 is the same in reactants and products. The total number of 
moles is dominated by the N 2 in each, especially with excess air. 
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13.5 

Why are products measured on a dry basis? 

Combustion products have traditionally been measured by passing the gas mixture 
through a series of solutions that selectively absorb the components one-by-one and 
measuring the resulting gas volume decreases. The water component is condensed out in 
these processes, leaving the others - that is, a dry basis. Other and newer instruments 
measure the concentrations by optical means and these are sensitive to moisture content, 
which can corrode the surfaces and destroy the sensors. If the water stays in the mixture it 
typically has to stay hot to prevent condensation at undesirable locations where that 
would alter the concentrations of the remaining gas mixture components. 
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13.6 

What is the dew point of hydrogen burned with stoichiometric pure oxygen? air? 

For H 2 burned with pure oxygen 

H 2 + 0.5 0 2 => 1 H 2 0 

with the only product as water, so the dew-point at 100 kPa pressure is 99.6°C. 
For FI 2 burned with stoichiometric air 

H 2 + 0.5 (0 2 + 3.76 N 2 ) => 1 H 2 0 + 1.88 N 2 

the product mixture is water and nitrogen. The partial pressure of the water at a 
total pressure of 100 kPa is 

p v = p tot y v = 100 X J + 1 L88 = 34.7 kPa, 
corresponding to a dew-point of 72.3°C . 


A hydrogen flame is nearly 
colorless. If other species are 
present they can give rise to some 
color of the flame. 
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13.7 

How does the dew point change as equivalence ratio goes from 0.9 to 1 to 1.1? 

For a given amount of water in the products, the smaller the total number of moles 
of other gases is (as ® increases), the higher the partial pressure of the water and 
therefore the dew-point temperature. As ® becomes greater than 1.0, there will be 
incomplete combustion, and the resulting composition will be affected to have some 
unburned fuel and therefore relative less water. The relative maximum amount of water is 
then at a stoichiometric mixture ® = 1 and this is also maximum dew point temperature. 


13.8 

Why does combustion contribute to global warming? 

Any combustion of a hydrocarbon fuel produces carbon dioxide, which in the 
atmosphere is a contributing factor to global warming. Carbon dioxide absorbs radiation 
over a wide spectrum and thus heats the atmosphere. This is not just man-made, but 
nature has forest fires and volcanic action that liberate gases into the atmosphere. 

Natural gas, mainly methane CH 4 , has the highest hydrogen to carbon ratio of the 

hydrocarbons we find on earth (very little hydrogen can be found). 
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13.9 

What is the enthalpy of formation for oxygen as CF? If O? For CO 2 ? 

The enthalpy of formation of O 2 is zero, by choice of the reference base. 
Relative to this base, the value for the monatomic form O is 

h f o = +249 170 kJ/kmol (Table A. 9), 
and the value for CO 2 is 

hf coz = -393 522 kJ/kmol (Table A.9 or A. 10). 
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13.10 

If the nitrogen content of air could be lowered will the adiabatic flame 
temperature increase or decrease? 

Since that would reduce the number of nitrogen molecules in the products 
it will increase the adiabatic flame temperature, more energy per molecule. 

Energy Eq.: AH P = HV + AH R = given 

AH P = v„„ Ah„„ + v T j „ Ah TI _ + v. T Ah., at Tad 
r CCb CO 2 H 2 O H 2 O N 2 N 2 

so a lower v N ^ means the Ah‘s must be larger. 


13.11 

Does the enthalpy of combustion depend on AF? 

NO 

H rp = H P - H r depends on T, P in general. 

Assuming ideal gas it does not depend on P. 

It is assumed the number is scaled to 1 kmol or 1 kg of fuel burned. 
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13.12 

Why do some fuels not have entries for liquid fuel in Table 13.3? 

Those fuels cannot exist as liquids at 25 °C (above their critical temperature). 
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13.13 

Is a heating value a fixed number for a fuel? 

Yes. 

The heating value is the negative of the enthalpy of combustion and is only useful 
if it is a well defined number. It is fixed, but there are normally 4 values quoted as the 
higher (water liquid) and lower (water vapor) heating value for the fuel as a liquid or 
vapor if applicable. It should also be clear whether it is the enthalpies or the internal 
energies that are used, i.e. do you have a flow or a non flow situation. So these qualifiers 
must accompany the number for it to be unique. 
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13.14 

Is an adiabatic flame temperature a fixed number for a fuel? 

Qualified Yes. 

It is a single number if we assume reactants are supplied at the reference 
conditions in a stoichiometric ratio and we know the phase of the fuel (liquid or gas) and 
the type of oxidizer (air or pure oxygen). Also you need to know if the combustion takes 
place at constant pressure (the most common) or it may take place at constant volume 
(unusual). If anyone of these conditions is changed the adiabatic flame temperature is 
changed. This is less fixed than the heating value, more variables can change the 
adiabatic flame temperature, say, adding an inert gas will lower the flame temperature, 
but keep the heating value the same. Chemical equilibrium reactions and incomplete 
combustion makes the real flame temperature lower than the theoretical adiabatic flame 
temperature. 
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13.15 

Does it make a difference for the enthalpy of combustion whether I bum with 
pure oxygen or air? What about the adiabatic flame temperature? 

No difference in the enthalpy of combustion - the nitrogen in the air is the same 
in the reactants and products, and its enthalpy cancels out (nitrogen and oxygen formation 
enthalpy are both zero). 

The adiabatic flame temperature is much lower for combustion with air, because a 
significant part of the energy release from the combustion goes into heating the nitrogen 
(as well as the other products) to the flame temperature. 
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13.16 

A welder uses a bottle with acetylene and a bottle with oxygen. Why does he use 
oxygen instead of air? 



The oxygen in the air comes with nitrogen that is also being heated up to the 
flame temperature. The heating value is being shared among all the product components 
so when they increase (having the nitrogen also) the adiabatic flame temperature drops 
correspondingly. 
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13.17 

Some gas-welding is done using bottles of fuel, oxygen and argon. Why do you 
think argon is used? 

Argon is used to shield the welding spot from the oxygen in the surrounding air. If 
oxygen is on the surface of the liquid metal it may form metal-oxides creating a weak 
location in the weld. 


13.18 

Is combustion a reversible process? 
NO. It is a highly irreversible process. 


13.19 

Is combustion with more than 100% theoretical air more or less reversible? 

It is less reversible. Any deviation from a stoichiometric mixture (lean or rich) 
will increase the irreversibility. You may also think of the adiabatic flame temperature 
which is highest for a stoichiometric mixture (like adding the heating value at that T). So 
with any other mixture the adiabatic flame temperature is lower so the heating value is 
added at a lower T (a more irreversible process). 
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Fuels and the Combustion Process 
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13.20 

In a picnic grill gaseous propane is fed to a burner together with stoichiometric 
air. Find the air-fuel ratio on a mass basis and the total amount of reactant mass for 1 kg 
propane burned. 


The reaction equation for stoichiometric mixture is: 

C 3 H 8 + v Q2 (0 2 + 3.76 N 2 ) -> a H 2 0 + b C0 2 + c N 2 

C balance: 3 = b ; 

H balance: 8 = 2a => a = 4 
O balance: 2 v Q2 = a + 2b = 4 + 2x3 => v Q1 = 5 

N 2 balance: 3.76 v Q9 = c = 18.8 

The reaction is 


C 3 H 8 + 5 (0 2 + 3.76 N 2 ) -> 4 H 2 0 + 3 C0 2 + 18.8 N 2 

5 + 18.8 


AFmol 


I 


M air 

AE - Ap 

mass — mol jyr 


= 23.8 


28.97 

= 23.8 x777^= 15.64 


L fuel 44.097 

Total mass of reactants = 1 + 15.64 = 16.64 kg 
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13.21 

A mixture of fuels is E85, which is 85% ethanol and 15% gasoline (assume 
octane) by mass. Find the A/F ratio on a mass basis for stoichiometric combustion. 

Since the fuel mixture is specified on a mass basis we need to find the mole 
fractions for the combustion equation. From Eq.13.4 we get 

y ethanol = (0.85/46.069) / [0.85/46.069 + 0.15/114.232] = 0.93356 

yoctane — ^ ~ yethanol ~ 0.06644 
The reaction equation is 

0.93356 C 2 H 5 OH + 0.06644 C 8 H 18 + v Q2 (0 2 + 3.76 N 2 ) 

~ > v C02 C0 2 + V H20 H 2 0+ 3 - 76v 02 N 2 
C balance: 2 x 0.93356 + 8 x 0.06644 = v CQ2 = 2.39864 

H balance: 6 x 0.93356 + 18 x 0.06644 = 2v H2G = 6.79728; v H2Q = 3.39864 

O balance: 0.93356 + 2 vq 2 = 2 Vcq2 + V H20 = 8. 19592 => Vq 2 = 3.63118 

The A/F ratio is 

A/F = 4.76 v Q2 x 28.97 / [0.93356 x 46.069 + 0.06644 x 114.232] 

= 9.896 
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13.22 

Calculate the theoretical air-fuel ratio on a mass and mole basis for the 
combustion of ethanol, C 2 H 5 OH. 

Reaction Eq.: C 2 H 5 OH + Vq 2(02 + 3.76N 2 ) => aCC >2 + btFO + cN 2 

Do the atom balance 
Balance C: 2 = a 
Balance H: 6 = 2b => b = 3 

Balance O: 1 + 2 vq 2 = 2a + b = 4 + 3 = 7 => V 02 = 3 

(A/F)moi = v 02 (l + 3.76)/l = 3 x 4.76 = 14.28 

(A/F) mass = (Vq2 M 02 + V N2 M N2) /M Fuel 

= (3 x 31.999 + 11.28 x 28.013) / 46.069 = 8.943 
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13.23 

Methane is burned with 200% theoretical air. Find the composition and the dew point of 
the products. 


The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -> a H 2 0 + b C0 2 + c N 2 

C balance: 1 = b ; H balance: 4 = 2a 

O balance: 2 v Q2 = a + 2b = 2 + 2x1 => v Q9 = 2 

N 2 balance: 3.76 v Q9 = c = 7.52 

200% theoretical air: v Q1 = 2x2 = 4 so now more 0 2 and N 2 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -> a H 2 0 + b C0 2 + c N 2 + d 0 2 

N 2 balance: 3.76 v Q9 = c = 15.04 

Extra oxygen: d = 4- l- l = 2 

Products: 2 H 2 0 + 1 C0 2 + 15.04 N 2 + 2 0 2 


Water vapor mole fraction: 


2 

yv_ 1 + 2 + 2+ 15.04 


0.0998 


Partial water vapor pressure: P v = y v P 0 = 0.0998 x 101 = 9.98 kPa 

Pg(Tdew) = Pv = 9.98 kPa => T dew = 45.8°C 
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13.24 

Natural gas B from Table 13.2 is burned with 20% excess air. Determine the 
composition of the products. 


The reaction equation (stoichiometric and complete combustion) with the fuel 
composition is: 

60.1 CH 4 + 14.8 C 2 H 6 + 13.4 C 3 H 8 + 4.2 C 4 H 10 + 7.5 N 2 

+ (0 2 + 3.76 N 2 ) — > aH 2 0 + b C0 2 + c N 2 


C balance: 60.1 + 2x14.8 + 3x13.4 + 4x4.2 = b = 146.7 

H balance: 4x60. 1 + 6x 14.8 + 8x 13.4 + 10x4.2 = 2a = 478.4 


a = 239.2 


O balance: 2 v Q2 = a + 2b = 239.2 + 2x146.7 


V 02 266.3 


N 2 balance: 7.5 + 3.76 v Q0 = c = 1008.8 

20% excess air: v Q2 = 1.2x266.3 = 319.56 so now more 0 2 and N 2 

Extra oxygen: d = 319.56 - 266.3 = 53.26, c = 7.5 + 3.76x319.56 = 1209 
Products: 239.2 H 2 0 + 146.7 C0 2 + 1209 N 2 + 53.26 0 2 


To the expert the color of the 
flame can tell about the 
composition. It can tell about 
specific gases present if they have 
distinct color emission. 
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13.25 

A certain fuel oil has the composition CiqF^- If this fuel is burned with 150% 
theoretical air, what is the composition of the products of combustion? 

C 1q H 99 + (1/<|>) v Q2 (0 2 + 3.76 N 2 ) a H.,0 + b C0 9 + c N 9 + d 0 9 

Stoichiometric combustion: cj) = 1, d = 0, 

C balance: b = 10 
H balance: a = 22/2 = 11, 

O balance: 2v„ = a + 2b = 11 + 20 = 31 => v„, = 15.5 

02 02 

Actual case: l/«j) =1.5 => v Q2 = 1.5 x 15.5 = 23.25 

H balance: a =11, C balance: b = 10, 

N balance: c = 23.25 x 3.76 = 87.42 

Cb balance: d = 23.25 - 10- 11/2 = 7.75 (excess oxygen) 

The combustion process is 

C 1q H 22 + 23.25 (0 2 + 3.76 N 2 ) 

-> 1 1 H,0 + 10 CO, + 87.42 N„ + 7.75 O, 
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13.26 

A Pennsylvania coal contains 74.2% C, 5.1% H, 6.7% O, (dry basis, mass 
percent) plus ash and small percentages of N and S. This coal is fed into a gasifier along 
with oxygen and steam, as shown in Fig. P13.26. The exiting product gas composition is 
measured on a mole basis to: 39.9% CO, 30.8% H 2 , 1 1.4% C0 2 , 16.4% H 2 0 plus small 

percentages of CH 4 , N 2 , and H 2 S. How many kilograms of coal are required to produce 
100 kmol of product gas? How much oxygen and steam are required? 

Convert the mass concentrations to number of kmol per 100 kg coal: 

C: n = 74.2/12.01 =6.178 H 2 : n = 5.1/2.016 = 2.530 

0 2 : n = 6.7/31.999 = 0.209 
Now the combustion equation reads 

x(6.178 C + 2.53 R, + 0.209 0 2 ) + y H^O + z O, in and 

39.9 CO + 30.8 H 2 + 1 1.4 C0 2 + 16.4 H 2 0 out 
in 100 kmol of mix out 

Now we can do the atom balance to find (x, y, z) 

C balance: 6.178 x = 39.9 + 11.4 -+ x = 8.304 

H 2 balance: 2.53x8.304 + y = 30.8 + 16.4 -+ y = 26.191 

26.191 39.9 16.4 

0 2 balance: 0.209x 8.304+ ~ +z= ^ +11.4+ ^ — > z = 24.719 


Therefore, for 100 kmol of mixture out 
require: 830.4 kg of coal 

26.191 kmol of steam 
24.719 kmol of oxygen 
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13.27 

For complete stoichiometric combustion of gasoline, C 7 H 17 , determine the fuel 

molecular weight, the combustion products, and the mass of carbon dioxide produced per 
kg of fuel burned. 

Stoichiometric combustion: 

C 7 H 17 + (0 2 + 3.76 N 2 ) O aH ? 0+bC0 2 + cN 2 

C balance: 7 = b 

H balance: 17 = 2a, => a =8.5 

O balance: 2v„ = a + 2b = 8.5 + 14 = 22.5 =^> v„ =11 .25 

02 02 

N balance: c = 3.76 v„ =3.76 x 11.25 = 42.3 

02 

M„ tct = 7 M r + 17 M„ = 7 x 12.01 1 + 17 x 1 .008 = 101.213 

r U hJL L. hi 


m CQ2 _ 2_ McQ 2 
m FUEL M fuel 


7 x 44.01 
101.213 


= 3.044 kg C0 2 per kg fuel 
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13.28 

A sample of pine bark has the following ultimate analysis on a dry basis, percent 
by mass: 5.6% H, 53.4% C, 0.1% S, 0.1% N, 37.9% O and 2.9% ash. This bark will be 
used as a fuel by burning it with 100% theoretical air in a furnace. Determine the air-fuel 
ratio on a mass basis. 

Converting the Bark Analysis from a mass basis: 


Substance S H 2 C 0 2 N 2 


c/M = 

0.1/32 

5.6/2 

53.4/12 

37.9/32 

0.1/28 

kmol / 100 kg coal 

0.003 

2.80 

4.45 

1.184 

0.004 

Product 

S0 2 

h 2 o 

C0 2 



oxygen required 

0.003 

1.40 

4.45 

— 

— 

Combustion requires: 

0.003 + 1.40 + 4.45 

= 5.853 kmol CB there is in the 


bark 1.184 kmol 0 2 so the net from air is 4.669 kmol 0 2 

28.97 kg air 

AF = (4.669 + 4.669 x 3.76) x W = 6.44 
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13.29 


Liquid propane is burned with dry air. A volumetric analysis of the products of 
combustion yields the following volume percent composition on a dry basis: 8 . 6 % CO 2 , 

0.6% CO, 7.2% O 2 and 83.6% N 2 . Determine the percent of theoretical air used in this 
combustion process. 

a C„H„ + b 0„ + c N„ -> 8.6 CO, + 0.6 CO + d H„0 + 7.2 CL + 83.6 N„ 


3 8 

C balance: 
H 9 balance: 

N,, balance: 


O^ balance: 


2 2 — 2 

3a = 8.6 + 0.6 = 9.2 => a = 3.067 
4a = d => d = 12.267 

c = 83.6 

0.6 12.267 

b = 8.6 + ^ ^ — + 7.2 = 22.234 


22.234 + 83.6 

Air-Fuel ratio = T 7 T 7 + = 34.5 1 


3.067 


Theoretical: 


C 3 H g + 5 0 2 + 18.8 N 2 -> 3C0^ + 4H 2 0 + 18.8 N, 

5 + 18.8 

theo. A-F ratio = ; = 23.8 


1 

34.51 

% theoretical air = 23 g x 100 % = 145 % 
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13.30 

The coal gasifier in an integrated gasification combined cycle (IGCC) power plant 
produces a gas mixture with the following volumetric percent composition: 


Product CH 4 H 2 CO C0 2 N 2 H 2 0 H 2 S NH 3 

%vol. 0.3 29.6 41.0 10.0 0.8 17.0 1.1 0.2 


This gas is cooled to 40°C, 3 MPa, and the H 2 S and NH 3 are removed in 

water scrubbers. Assuming that the resulting mixture, which is sent to the combustors, is 
saturated with water, determine the mixture composition and the theoretical air-fuel ratio 
in the combustors. 


CH 4 h 2 

CO 

co 2 n 2 

n 

0.3 29.6 

41.0 

10.0 0.8 

81.7 

n 

5+0 = „ +81.7' wherc n v 

V 

= number of moles of water vapor 

Cool to 40°C P = 7.384, 

Cj 

P = 

3000 kPa 


7.384 n v 


-+ n =0.2016 

V 


y H20MAX 3000 n +81.7 

V 


a) Mixture composition: 

ch 4 h 2 

CO 

co 2 n 2 

H 2 0(v) 

0.3 kmol 29.6 

41.0 

10.0 0.8 

0.2016 

81.9016 kmol (from 100 

kmol of the original gas mixture) 



0.3CH 4 + 0.6 0 2 -+ 0.3 C0 2 + 0.6 H 2 0 
29.6 H 2 + 14.8 0 2 — > 29.6 H 2 0 
41 CO + 20.5 0 2 -+ 41 C0 2 

=> Number of moles of 0 2 = 0.6 + 14.8 + 20.5 = 35.9 

Number of moles of air = 35.9 + 3.76 x 35.9 (N 2 ) 

28.97(35.9 + 3.76(35.9)) 

A/F _ 0.3(16) + 29.6(2) + 41(28) + 10(44) + 0.8(28) + 0.2016(18) 

= 2.95 kg air/kg fuel 
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13.31 

In a combustion process with decane, C 10 H 22 , and air, the dry product mole 
fractions are 83.61% N 2 , 4.91% 0 2 , 10.56% C0 2 and 0.92% CO. Find the equivalence 
ratio and the percent theoretical air of the reactants. 

x C 1 q H 22 + (1/cJ)) v Go (0 2 + 3.76 N 2 ) -> a H ? 0 + b C0 2 + cCO + dN 2 + eO, 

Stoichiometric combustion: cj)=l, c = 0, e = 0, 

C balance: b = lOx 

H balance: a = 22x/2 = 1 lx, 

O balance: 2v„ = a + 2b = llx + 20x = 3 lx 

02 

v Q 2 = 15. 5x, = 58.28x => (A/F) g = (v^ + v N ^)/x = 73.78 

Actual combustion: d = 83.61 — > 

N balance: (1/cf)) v 02 x 3.76 = 83.61 -> (l/<^) v Qo = 22.24 

C balance: lOx = 10.56 + 0.92 = 11.48 => x= 1.148 

(A/F) ac = (l/4») v Q2 x 4.76/1.148 = 92.215 

(j) = (F/A) /(F/A) =(A/F) /(A/F) =73.78/92.215 = 0.80 or <j> = 0.8 

tic s s ac 

Percent theoretical air = 100 (l/(j)) = 125% 
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13.32 

The output gas mixture of a certain air-blown coal gasifier has the composition of 
producer gas as listed in Table 13.2. Consider the combustion of this gas with 120% 
theoretical air at 100 kPa pressure. Determine the dew point of the products and find how 
many kilograms of water will be condensed per kilogram of fuel if the products are 
cooled 10°C below the dew-point temperature. 


{3 CH, + 14 H + 50.9 N + 0.6 O, + 27 CO + 4.5 CCU 


+ 31.10, + ! 16.9 N, -> 34.5 CO, + 20 H,0 + 5.2 O, + 167.8 N 


Products: 


2 


20 


y H20 ~ >H20MAX “ P G /10 ° “ 34.5 + 20 + 5.2 + 167.8 


P G = 8.79kPa -+ T DEWpT = 43.2°C 


At T = 33.2°C, P„ = 5.13 kPa 

Cj 


5.13 


n 


H20 


m 


y H20 max “ 100 " n uon +34.5+5.2+167.8 ^ 

rlzU 

8.78(18) 

H20 LIQ “ 3(16) +14(2) +50.9(28) +0.6(32) +27(28) +4.5(44) 


n H20 ' ' 


= 0.0639 kg/kg fuel 
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13.33 

Methanol, CH 3 OH, is burned with 200% theoretical air in an engine and the 

products are brought to 100 kPa, 30°C. How much water is condensed per kilogram of 
fuel? 


CH OH + v„ {CL + 3.76 NO -> 

3 O2 2 2 J 


Stoichiometric v„ c = 1.5 

02 s 


Actual products: C0 2 + 2 H 2 0 + 
P sat (30°C) = 4.246 kPa 


CCL + 2 H,0 + 3.76 v„ N 0 

2 2 O2 2 

V =3 
O2AC 

1.5 0 2 + 11.28 N 2 


yH20 


0.04246 


V H2Q 

1 + + 1.5 + 11.28 


=> v H20 


M Fu = 32.042 


0.611 


AM 

~~M 


h 2 o 


Fu 


^ v H 2 Ocond - 2 - 0.611 - 1.389 

1389x18 kg "^° 
32.042 -u - 781 kg fuel 
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13.34 

Butane is burned with dry air at 40°C, 100 kPa with AF = 22 on a mass basis. For 
complete combustion find the equivalence ratio, % theoretical air and the dew point of 
the products. How much water (kg/kg fuel) is condensed out, if any, when the products 

are cooled down to ambient temperature, 40°C? 


Solution: 


C 4 H 10 + V°2 + 3 - 76 N 2> -► 4 C0 2 + 5 H 2 0 + 3.76 v Q N, 

Stoichiometric v„ c =4 + 5/2 = 6.5; 3.76 v„ =24.44 

02 S 02 

(A/F) c = 6.5(31.999 + 3.76 x 28.013)758. 124 = 15.3574 


Actual: 


(A/F) 


ac 


22 


v 


v 


o 2 ac- (A/F), v o 2 S- 15.3574 


6.5 = 9.31 


% Theoretical air = 


22 


15.3574 


100 = 143.3% 


Equivalence ratio ® = 1/1.4325 = 0.7 


Actual products: 4 C0 2 + 5 H 2 0 + 2.81 0 2 + 35.0 N 2 

The water partial pressure becomes 

p v = p t0t = 4 + 5 + 2.81 + 35.0 100 = 10 ' 68 kPa 
T dew = 46.9°C 


Pg 40 = 7.348 kPa 


y v 


max 


7.384 V H2Q 

100 = 4 + v H20 + 2.81 +35.0 


Solve for v H2Q V a P : 

V H20 vap =3.333 still vapor, 

V H20 LIQ = 5 - 3.333 = 1.667 is liquid 

m H2Q LIQ _ 1.667 x 18.015 
m Fuel - 58.124 -°‘ 517 
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13.35 


The hot exhaust gas from an internal combustion engine is analyzed and found to 
have the following percent composition on a volumetric basis at the engine exhaust 
manifold. 10% CO 2 , 2% CO, 13% H 2 0, 3% 0 2 and 72% N 2 . This gas is fed to an 

exhaust gas reactor and mixed with a certain amount of air to eliminate the carbon 
monoxide, as shown in Fig. P13.35. It has been determined that a mole fraction of 10% 
oxygen in the mixture at state 3 will ensure that no CO remains. What must the ratio of 
flows be entering the reactor? 


Exhaust gas at state 1: C0 2 10 %, H 2 0 13%, 

CO 2%, 0 2 3%, N 2 72% 

Exhaust gas at state 3: CO = 0 %, 0 2 = 10 % 


1 Exh. gas 



2 Air 


Reaction equation for the carbon monoxide 

=> 0.02 CO + x 0 2 + 3.76x N 2 -> 0.02 C0 2 + (x-0.01) 0 2 + 3.76x N 2 

At 3: v nM =0.10 + 0.02 = 0.12, v„ =0.13 

co 2 h 2 o 

v Q 2 = (x-0.01) + 0.03 = X + 0.02 v N 9 = 0.72 + 3.76x 
or 

n TQT = 0.12 + 0.13 + x + 0.02 + 0.72 + 3.76x = 0.99 + 4.76x 
x + 0.02 

>O2 = ai0 = 0.99 + 4.76x x = 0 - 151 

a * r 2 4.76x kmol air 

01 Exh. Gas 1 ” 1 ” kmol Exh. gas 
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Energy Equation, Enthalpy of Formation 
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13.36 


Acetylene gas C 2 H 2 is burned with stoichiometric air in a torch. The reactants are 
supplied at the reference conditions Po, To. The products come out from the 
flame at 2500 K after some heat loss by radiation. Find the heat loss per kmol 
fuel. 

The reaction equation is 

C 2 H 2 + 2.5 (0 2 + 3.76 N 2 ) -> 2 C0 2 + 1 H 2 0 + 9.4 N 2 

Energy Eq. : H P + Q out = H R = H° + AH P + Q out = H° 

AH P = 2 Ah C0 2 + Ah H2 o + 9.4 Ah N2 

= 2 x 121 926.5 + 99 130.5 + 9.4 x 74 301.5 = 1 041 418 kJ/kmol 

OO _° _° _° 

Qout = Hr - Hp - AH P = h f fuel - hf h 2 o - 2 hf C o 2 - 
Q out = 226 731 - (-241 826) - 2(-393 522) - 1 041 418 

= 214 183 kJ/kmol fuel 
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13.37 

Hydrogen is burned with stoichiometric air in a steady flow process where the 
reactants are supplied at 100 kPa, 298 K. The products are cooled to 800 K in a heat 
exchanger. Find the heat transfer per kmol hydrogen. 

The combustion equation is 

H 2 + 0.5 x [ 0 2 + 3.76 N 2 ] -> 1 H 2 0 + 1.88 N 2 
The reactants are at 298 K 
H r =0+0+0=0 

The products are at 800 K so water is gaseous and from A. 9 

H P = 1 [-241 826 + 18 002)] + 1.88 (0 + 15 046) = -195 538 kJ/kmol fuel 

Q cv = H P - H r = -195 538 kJ/kmol fuel 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


13.38 

Natural gas (methane) is burned with stoichiometric air, reactants supplied at 
reference Po, To in a steady flow burner. The products come out at 800 K, if the 
burner should deliver 10 kW what is the need flowrate of natural gas in kg/s? 

The reaction equation for stoichiometric mixture is: 

CH 4 + v 02 (0 2 + 3.76 N 2 ) -> 2H 2 0+ 1 C0 2 + c N 2 

O balance: 2 v Q2 = 2 + 2 => v Q9 = 2 => c = 2 x3.76 = 7.52 

The products are cooled to 800 K (so we do not consider condensation) and 
the energy equation is 

Energy Eq.: H R + Q = H P = H P + AH P = H R + Q 


o o o o o 

Q = H P + AH P - H r = 2 hf h 2 o + hf co? + AH P - h f fuel 

AH P = 2 Ah H20 + Ah C0 2 + 7.52 Ah N2 

= 2 xl8 002 + 22 806 + 7.52 xl5 046 = 171 956 
Q = 2(-241 826) -393 522 + 171 956 - (-74 873) 

= -630 345 kJ/kmol fuel 

Q = n Q out = Q out m/M so 

m = QM/Q 0Ut = 10 kW x 16.043 (kg/kmol) / 630 345 kJ/kmol 
= 0.0002545 kg/s = 0.916 kg/h 
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13.39 

Butane gas and 200% theoretical air, both at 25°C, enter a steady flow combustor. 
The products of combustion exits at 1000 K. Calculate the heat transfer from the 
combustor per kmol of butane burned. 

C 4 H 10 + (1/(^)v o ,(O 2 + 3.76N 2 ) -> aC0,, + bH 2 0 + cN 2 + d0 2 

First we need to find the stoichiometric air((j)=l, d = 0) 

C balance: 4 = a, H balance: 10 = 2b => b = 5 

O balance: 2v Q2 = 2a + b = 8 + 5 = 13 => v Q2 = 6.5 

Now we can do the actual air: (1 /())) = 2 => v Q7 = 2x6.5 = 13 

N balance: c = 3.76 v Q7 = 48.88, O balance: d= 13 -6.5 = 6.5 

Energy Eq.: q = H R - H P = H p - H p - AH P 

Table A. 10: H R = -126 200 + 0 + 0 = -126 200 kJ/kmol fuel 

H p = 4 (-393 522) + 5(-241 826) + 0 + 0 = -2 783 218 kJ/kmol fuel 
The rest of the values are from Table A. 9 at 1000 K 

Ah C0 2 = 33397, Ah N2 = 21463, Ah 02 = 22703, Ah H20 = 26000 kJ/kmol 

AH P = 4 x 33 397 + 5 x 26 000 + 48.88 x 21 463 + 6.5 x 22 703 

= 1 460 269 kJ/kmol fuel 
From the energy equation we get 

q = -126 200 -(-2 783 218) - 1 460 269 = 1 196 749 kJ/kmol butane 
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13.40 

One alternative to using petroleum or natural gas as fuels is ethanol (CoHgOH), 

which is commonly produced from grain by fermentation. Consider a combustion process 
in which liquid ethanol is burned with 1 10% theoretical air in a steady flow process. The 
reactants enter the combustion chamber at 25°C, and the products exit at 60°C, 100 kPa. 
Calculate the heat transfer per kilomole of ethanol. 

C 2 H 5 OH + 1.1 x 3 (0 2 + 3.76N 2 ) -> 2C0 2 + 3H 2 0 + 0.3O 2 + 12.408N 2 

Fuel: hf = -277 380 kJ/kmol for liquid from Table A. 10, 

Products at 60°C, 100 kPa, check for condensation of water 

_ 19.94 n v max 

YH 20 MIX- ioo - n VMAX + 2 + 0.3 + 12.408 

=> n v MAX = 3.66 >3 => No liquid 

H r = l(-277 380) + 0 + 0 = -277 380 kJ/kmol fuel 
H P = 2(-393 522 + 1373) + 3(-241 826 + 1185) 

+ 0.3(0 + 1039.5) + 12.408(0 + 1021) = -1 493 241 kJ/kmol fuel 

Q cv = H P - H r = -1 215 860 kJ/kmol fuel 
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13.41 

Do the previous problem with the ethanol fuel delivered as a vapor. 

One alternative to using petroleum or natural gas as fuels is ethanol (C 2 H 5 OH), which is 

commonly produced from grain by fermentation. Consider a combustion process in 
which liquid ethanol is burned with 120% theoretical air in a steady flow process. The 
reactants enter the combustion chamber at 25°C, and the products exit at 60°C, 100 kPa. 
Calculate the heat transfer per kilomole of ethanol. 

C 2 H 5 OH + 1.1 x 3 (0 2 + 3.76N 2 ) -> 2C0 2 + 3H 2 0 + 0.3O 2 + 12.408N 2 

Fuel: hf = -235 000 kJ/kmol for IG from Table A. 10 

Products at 60°C, 100 kPa, check for condensation of water 

_ 19.94 n v max 

YH 20 MIX- ioo - n VMAX + 2 + 0.3 + 12.408 

=> n v MAX = 3.66 >3 =^> No liquid 

The mixture can then hold 3.66 mol of vapor > 3 present => No liquid. 
H r = l(-235 000) + 0 + 0 = -235 000 kJ/kmol fuel 
H P = 2(-393 522 + 1373) + 3(-241 826 + 1185) 

+ 0.3(0 + 1039.5) + 12.408(0 + 1021) = -1 493 241 kJ/kmol fuel 

Q cv = H P - H R = -1 258 241 kJ/kmol fuel 
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13.42 


As an alternative fuel consider liquid methanol burned with stoichiometric air 
both supplied at P 0 , T 0 in a constant pressure process exhausting the products at 900 K. 

What is the heat transfer per kmol of fuel. 


CH 3 OH+ 1.5 (O z + 3.76 N 2 ) -> 1 CCX, + 2R,0 + 5.64 N 9 
Reactants at 25°C, products are at 900 K, 100 kPa. 

CH^OH: h° = -239 220 kJ/kmol from table A. 10 for the liquid state 

H r = 1 1i LI q = -239 220 kJ/kmol fuel 

H P = 1(— 393 522 + 28 030) + 2(-241 826 + 21 937) + 5.64(18 223) 
= -702 492 kJ/kmol fuel 

Q = H P - H r = -702 492 - (-239 220) = -463 272 kJ/kmol fuel 
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13.43 


The combustion of heptane C 7 H 16 takes place in a steady flow burner where fuel 
and air are added as gases at P 0 , T 0 . The mixture has 125% theoretical air and the 

products are going through a heat exchanger where they are cooled to 600 K.Find the 
heat transfer from the heat exchanger per kmol of heptane burned. 

The reaction equation for stoichiometric ratio is: 

C 7 H 16 + v Q2 (0 2 + 3.76 N 2 ) => 7C0 2 + 8 H 2 0 + v G2 x 3.76 N 2 

So the balance (C and H was done in equation) of oxygen gives 

v 02 = 7 + 4 = 11, v 02 ac = 1.25 x 11 = 13.75. 

Now the actual reaction equation is: 

C 7 H 16 + 13.75 0 2 + 51.7 N 2 => 7C0 2 + 8 H 2 0 + 51.7 N 2 + 2.75 0 2 

To find the heat transfer, take a control volume as combustion chamber and 
heat exchanger 

H r + Q = H P => Q = Hp + AH P - Hr 

Take the enthalpies from Tables A. 9 for the products and A. 10 for the fuel 
Q = 7(-393 522 + 12 906) + 8 (-241 826 + 10 499) + 51.7(8894) 

+ 2.75(9245) -(-187 900) 

= - 3 841 784 kj/kmol fuel 
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13.44 


Pentene, C-H |() is burned with stoichiometric pure oxygen in a steady flow 

process. After giving some heat out the products are at 700 K and used in a heat 
exchanger, where they are cooled to 35°C. Find the specific heat transfer in the heat 
exchanger. 

C.H + v„ 0„ — » 5 CO, + 5 H O => v n = 7.5 

5 10 C>2 2 2 2 C>2 

Check for condensation amount 

P (35°) x 

Find x: y„ = ~A; = 0.0555 = 7~~; =^> x = 0.2938 

J H 2 O max P tQt 5+X 

Out of the 5 H 9 0 only 0.2938 are still vapor at the 35°C exit temperature. The 
heat exchanger cools the products so the energy equation is 

5 n F h C02 + 5 n F h^ + Q = 5 n F h C02 


+ (5-x) n F h liqH20 + (x) A F h vapH2G 

Find the enthalpy at 700 K all gas A. 9 and at 35°C = 308.15 K part of water is a 
gas in table A. 9 and use B.1.1 and A. 10 for the liquid water. 


hji H20 = h° liq + Ah 308 = -285 830 + 18.015(146.66 - 104.87) = -285 077 


h = h 

vap H 2 O 1 vap 


+ Ah = -241 826 + Ah 


Q - - - -o - 

- 5 (Ah 308 - Ah 700 ) CO2 + (5— x)[ h |jq H2Q - (h f vap + Ah ?00 )] H2Q 

F 


+ x [hp + Ahono — (hp + Ah„ nn )] „ 0 

L f vap v f vap 700 /J H 2 O vapor 

= 5(389.6 - 17 754) + 4.706 [-285 077 - (-241 826 + 14 190)] 
+ 0.2938 [(-241 826 + 338.1) - (-241 826 + 14 190)] 

= -361 209 kj/kmol Fu 
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13.45 

Another alternative fuel to be seriously considered is hydrogen. It can be 
produced from water by various techniques that are under extensive study. Its biggest 
problem at the present time are cost, storage, and safety. Repeat Problem 13.40 using 
hydrogen gas as the fuel instead of ethanol. 

H 2 + 1.1 x 0.5 0 2 + 1.1 x 3.76 x 0.5 N 2 -+ 1 H 2 0 + 0.05 0 2 + 2.068 N 2 

Products at 60°C, 100 kPa, check for condensation of water 

_ 19.94 n v max 

YH20MAX- 100 _ n VMAX + 0.05 +2.068 

Solving, n v MAX = 0.5275 <1 => n v = 0.5275, n LI Q = 0.4725 

H r =0+0+0=0 

Notice the products are at 60°C so add for water liquid from steam tables 

H P = 0.4725 [-285 830+ 18.015 (251.11 - 104.87)] 

+ 0.5275 (-241 826 + 1185) + 0.05(0 + 1039.5) + 2.068(0 + 1021) 
= -258 585 kJ 

Q cv = H P - H r = -258 585 kj/kmol fuel 
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13.46 


In a new high-efficiency furnace, natural gas, assumed to be 90% methane and 
10% ethane (by volume) and 110% theoretical air each enter at 25°C, 100 kPa, and the 
products (assumed to be 100% gaseous) exit the furnace at 40°C, 100 kPa. What is the 
heat transfer for this process? Compare this to an older furnace where the products exit at 
250°C, 100 kPa. 


0.9 CH 4 +0.1 C 2 H 6 
25 C, 100 kPa 


O- 


o 


110% Air 
25 C, 100 kPa 




Products 
40 C 
100 kPa 


Heat transfer 


0.9 CH, + 0.1 C-H, + 1.1 x 2.15 O, + 3.76 x 2.365 N 0 

4 Z O Z Z 

-> 1.1 C0 2 + 2.1 H^O + 0.215 O, + 8.892 N, 

Fuel values from table A. 10 and the rest from Table A. 9 
H = 0.9(-74 873) + 0.1 (-84 740) = -75 860 kJ/kmol fuel 

H p = l.l(-393 522 + 586) + 2.1(-241 826 + 507.5) + 0.215(445) 

+ 8.892(437.6) 

= -935 012 kJ/kmol fuel assuming all gas 


Q cv = H p - H R = -859 152 kJ/kmol fuel 

b) T P = 250 °C 

H P = l.l(-393 522 + 9370) + 2.1(-241 826 + 7750) 

+ 0.215(6817) + 8.892(6602) = -853 956 kJ 

Q cv = H P - H r = -778 096 kJ/kmol fuel 
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13.47 

Repeat the previous problem, but take into account the actual phase behavior of 
the products exiting the furnace. 


0.9 CH +0.1 C.H + 1.1 x 2.15 O, + 3.76 x 2.365 N 

4 Z O Z Z 

-+ 1.1 CO, + 2.1 H.O + 0.215 0. + 8.892 N„ 


Same as 15.41, except check products for saturation at 40°C, 100 kPa 


_ 7.384 

y v max 1 00 


n V MAX _ 

n VMAX + l 0.207 > 


Solving, n 


v max 


0.814 


n =0.814, n r =2.1 -0.814= 1.286 

V liq 

Fuel values from table A. 10 and the rest from Table A.9 
H r = 0.9(-74 873) + 0.1 (-84 740) = -75 860 kJ/kmol fuel 


For the liquid water add difference (40°C - 25°C) from steam tables 


H = 1.286[-285 830 + 18.015(167.6 - 104.9)] = -366 125 kJ/kmol fuel 
H gas = l.l(-393 522 + 586) + 0.814(-241 826 + 507.5) 


+ 0.215(445) + 8.892(437.6) = -624 676 kJ/kmol fuel 
Q cv = H p - H r = (-366 125 - 624 676) + 75 860 


= -914 941 kJ/kmol fuel 


b) T P = 250 °C 

H P = l.l(-393 522 + 9370) + 2.1(-241 826 + 7750) 

+ 0.215(6817) + 8.892(6602) 

= -853 956 kJ/kmol 

Q cv = H P - H R = -778 096 kJ/kmol fuel 
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13.48 


Methane, CH 4 , is burned in a steady adiabatic flow process with two different 
oxidizers: Case A: Pure oxygen, O 2 and case B: A mixture of O 2 + x Ar. The reactants 

are supplied at T Q , P {) and the products for both cases should be at 2100 K. Find the 

required equivalence ratio in case (A) and the amount of Argon, x, for a stoichiometric 
ratio in case (B). 


a) Stoichiometric has v = 2, actual has: 

CH 4 + v0 2 -> CO, + 2H,0 + (v - 2)0, 

o o 

Energy eq.: H R = H P + AH p , 100 

AH p 2100 = H R - H P = h f fuel + 0 - hfco 2 ' ^hf h 2 0 ' 0 

RHS = -74 873 -(-393 522) - 2(-241 826) = 802 301 kJ/kmol 

Ah = 97 500, Ah„ = 77 970, Ah„ = 62 973 all in kJ/kmol 

CO 2 H 2 O 02 

AH P 2100 = A ^C0 2 + ^ A ^H 2 0 + ( v ' 2) A h Q2 

= 97 500 + 2 X 77 970 + (v - 2) x 62 973 
= 127 494 + v 62 973 = 802 301 kJ/kmol fuel 

AF S 2 

=> v = 10.72, O = — = = 0.1866 

b) CH 4 + 2 0 2 + 2x Ar -> C0 2 + 2H,0 + 2x Ar 

Ah Ar = C p Ar AT = C p Ar M Ar AT from table A. 5 

AH p 2100 = 97 500 + 2 x 77 970 

+ 2x x 0.52 x 39.948 x (2100 - 298) = 253 440 + x 74 866 
Now the energy equation becomes 

802 301 = 253 440 + x 74 866 => x = 7.33 
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13.49 

A rigid container has a 1: 1 mole ratio of propane and butane gas together with a 
stoichiometric ratio of air at P G , T 0 . The charge bums and there is heat transfer to a final 

temperature of 1000 K. Find the final pressure and the heat transfer per kmol of fuel 
mixture. 


C 3 H 8 + C 4 H 10 + V °2 + 3 - 76 N 2> -> 7 C0 2 + 9 H 2 0 + 3.76 v 02 N 2 

The carbon and hydrogen balance has been used so oxygen gives 

v 0 =7 + 9/2 = 11.5 ; v M =43.24 

02 ’ N2 

The energy equation is 

Up - U R = Q - 0 = (H P - H r ) - n P RT P + n R RT R 

= Hp + AH P - H r - n P RT P + n R RT R 
n R = 1 + 1 + 11.5 x 4.76 = 56.74, n P = 7 + 9 + 43.24 = 59.24 
From Table A. 9 

AH P = 7 (33 397) + 9 (26 000) + 43.24 (21 463) = 1 395 839 kJ 
From Table 13.3 (convert kJ/kg to kJ/kmol with M) 

Hp - H R = 44.094 (-46 352) + 58.124 (-45 714) = - 4 700 926 kJ 
Substitute into energy equation 

Q = . 4 700 926 + 1 395 839 - 8.3145(59.24 x 1000 - 56.74 x 298.15) 
= - 3 656 981 kJ/2 kmol fuel 

= - 1 828 490 kJ/kmol fuel 
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13.50 

A closed, insulated container is charged with a stoichiometric ratio of oxygen and 
hydrogen at 25°C and 150 kPa. After combustion, liquid water at 25°C is sprayed in such 
that the final temperature is 1200 K. What is the final pressure? 


l 


H 2 + f(° 2 ) 


^h 2 o 


Combustion reaction: 

Products: 

Energy eq. per 1 kmol hydrogen (remember flow in): 


1 H O + x.H O 

2 i 2 


IF - U = x.h. = x.hf = 


3- 


1 i i 


i h f liq ~ (! + X i) H p “ H r “ (1 + X i) RT p + 2 RT r 


Solve for x.: 


x i [ hf liq _ H p + RT p ] - H p - H r - RT p + 2 RT r 


From Table A.9: H D = 0, H = -241 826 + 34 506 = -207 320 kJ/kmol 

K. r 

From Table A. 10: h fliq = -285 830 kJ/kmol 
Substitute into the energy equation 


x. (-285830 + 207320 + 8.3145 x 1200) = 

-207 320 - 8.3145( 1200 - fx298.15) = -213 579 

x. = 3.116 
1 


Volume is constant: 
n R = 1 + y = 1.5 ; 


P 2 = 


P t( 1+X i) T P 

k T 0 


P i V i = n R RT i’ P 2 V 1= n p RT p 

n P = ( 1 + x 0 


150 x 4.116 x 1200 
| x 298.15 


1657 kPa 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


13.51 

In a gas turbine natural gas (methane) and stoichiometric air flows into the 
combustion chamber at 1000 kPa, 500 K. Secondary air, see Fig.P13.51, also at 1000 
kPa, 500 K is added right after the combustion to result in a product mixture temperature 
of 1500 K. Find the A/F ratio mass basis for the primary reactant flow and the ratio of the 
secondary air to the primary air (mass flow rates ratio). 

CH 4 + v(0 2 + 3.76 N 2 ) -> 

C0 2 + 2H 2 0 + 3.76 v N 2 

O balance: v = 2, v N2 = 7.52 

2 x 32 + 7.52 x 28.013 

For the primary flow: (A/F) mass = 16043 = 1712 

Do a C.V. around the entire set-up, then the energy equation becomes 

o 

Energy Eq.: H R1 + H R2 = H P 1500 = H P + AH P 1500 

Hr i = H r + AH R1 = h f fuel + AH Fuel + AH airl 
AH airl = 2(AH Q2 + 3.76 AH N2 ) = 2(6086 + 3.76 x 5911) = 56 623 kJ/kmol 
H R2 = 0 + AH air2 = v Q2 add (AH 02 + 3.76 AH N2 ) = v 02 add 28 31 1 kJ/kmol 
AHpuei ~ M C P AT = 16.043 x 2.254 (500 - 298) = 7304.5 kJ/kmol 

h° fud - H P = HV = 16.043 x 50 010 = 802 310 kJ/kmol 

AH P 1500 = A h C02 + 2Ah n ^ () + 7.52 Ah^ + v 02 a dd ( A ^o 2 + 3-76 Ah^) 

= 61 705 + 2 x 48 149 + 7.52 x 38 405 + v 02 add (40 600 

+ 3.76 x 38 405) = 446 809 + v Q2 add 185 003 kJ/kmol 
Now substitute everything into energy equation 

802 3 10 + 7304.5 + 56 623 + v 02 add 28 3 1 1 = 446 809 + v Q2 add 1 85 003 
v 02 add = 2.677 

m a i r2 /niairl — n air2^ n airl — V ()2 add^ V — 2.677/2 — 1.34 
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13.52 


A rigid vessel initially contains 2 kmol of carbon and 2 kmol of oxygen at 25°C, 
200 kPa. Combustion occurs, and the resulting products consist of 1 kmol of carbon 
dioxide, 1 kmol of carbon monoxide, and excess oxygen at a temperature of 1000 K. 
Determine the final pressure in the vessel and the heat transfer from the vessel during the 
process. 

2C + 20 2 -> 1C0 2 + lCO+|a, 

Process V = constant, C: solid, n,.^.,, =2, =2.5 

1(cjAo) z(LiAb) 

n 2 T 2 2.5 x 1000 

P = = P l x ^ = 200 x 2 x 298.2 = 8384 kPa 

H 1 = 0 and we neglect the Pv for carbon when doing the U , . 

H 2 = l(-393 522 + 33 397) + 1(-110 527 + 21 686) 

+ (l/2)(0 + 22 703) = -437 615 kJ 
Now find heat transfer from energy equation 

A = (U 2 - U,) = (H 2 - H,) - n 2 RT 2 + n^ 

= (-437 615 - 0) - 8.3145(2.5 x 1000 - 2 x 298.2) 

= -453 442 kJ 
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13.53 

Gaseous propane mixes with air, both supplied at 500 K, 0.1 MPa. The mixture 
goes into a combustion chamber and products of combustion exit at 1300 K, 0.1 MPa. 
The products analyzed on a dry basis are 11.42% CCb, 0.79% CO, 2.68% O 2 , and 
85.1 1% N 2 on a volume basis. Find the equivalence ratio and the heat transfer per kmol 
of fuel. 

C 3 H 8 + aO, + 3.76 a N 9 -> (3 C0 9 + y H 2 0 + 3.76 a N 2 

(3 = 3, y = 4, a = p + y/2 = 5, (A/F) s = 4.76a = 23.8 

The actual combustion reaction is 
x(TH 0 + a 0~ + 3.76 a N2 — ^ 

JO Z L 

11.42 C0 9 + y H 9 0 + 85.11 N 2 + 0.79 CO + 2.68 0 2 

C balance: 3x = 11.42 + 0.79 => x = 4.07 

H balance: 8x = 2y => y = 4x = 16.28 

O balance: 2a = 2 x 11.42 + y + 0.79 + 2 x 2.68 = 45.27 => a = 22.635 

N balance: 3.76 a =85.11 => a = 22.6356 checks close enough 

Rescale the equation by dividing with x to give 
C q H + 5.5614 (0 9 + 3.76 N 9 ) -> 

jo L L 

2.806 C0 2 + 4 H 9 0 + 20.91 N 9 + 0.194 CO + 0.6584 0 9 

A/F = 5.5614 (1 + 3.76) / 1 = 26.472 
(|> = (A/F) S /(A/F) = 23.8 / 26.472 = 0.899, %Theo. air = l/<p = 111% 

q = h p - h R = hp + XviAh(1300 K) - h R 

h R = hf fuel + Ah fuel + 5.5614 Ah 02 + 20.91 Ah N2 

= -103 900 + 1.679 x 44.094 (500 - 298) + 5.5614 (6086) 

+ 20.91 (5911) = 68 500 kJ/kmol fuel 

h p = hp + Z Vi Ah(1300 K) 

= 2.806 (-393 522 + 50 148) + 4(-241 826 + 38 941) + 20.91 (0 
+ 31 503) + 0.194 (-110 527 + 31 867) + 0.6584 (0 + 33 345) 

= -1 109 625 kJ/kmol fuel 
q = -1 109 625 - 68 500 = -1 178 125 kJ/kmol fuel 
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Enthalpy of Combustion and Heating Value 
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13.54 

Find the enthalpy of combustion and the heating value for pure carbon. 


Reaction: C + v„ 

o: 

oxygen balance: v Q2 


[ O, + 3.76 N, ] 

= 1 


C0 2 + v G2 3.76 N 2 


H rp = H° - H r = hf C o 2 - hj c = -393 522 - 0 

= -393 522 kj/kmol = -32 791 kj/kg (M = 1 2.0 1 1 ) 

HV = 393 522 kJ/kmol = 32 791 kj/kg 
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13.55 


Phenol has an entry in Table 13.3, but it does not have a corresponding value of 
the enthalpy of formation in Table A. 10. Can you calculate it? 

C 6 H 5 OH + v Q ^[ 0 9 + 3.76 N 2 ] -> 3 H 9 0 + 6 C0 2 + 3.76v Qo N 9 

The C and H balance was introduced (6 C’s and 6 H’s). At the reference 
condition the oxygen and nitrogen have zero enthalpy of formation. 


Energy Eq.: H P = H R = H p = Hr since ref. T is assumed. 

° 00 -°-°-° 

H rp = H P - H r = Hp - Hr = 3 hf h 2 o + 6 hf co 2 ~ h f fuel 

Table 13.3 is on a mass basis and let us chose liquid fuel, so we get the 
molecular weight from the composition 

M = 6 x 12.011 +3 x 2.016 +16 = 94.114 

H rp = 94.1 14 (-31 1 17) = -2 928 545 kJ/kmol 
Solve the energy equation for fuel formation enthalpy 

o ° ° o 

hf fuel = 3 h f h 2 o + 6 hf co? - H RP 

= 3 (-241 826) + 6(-393 522) - (-2 928 545) 

= -158 065 kJ/kmol 

For fuel as vapor we get 

Hrp = 94.1 14 (-31 774) = -2 990 378 kJ/kmol 

o ° ° o 

hf fuel = 3 hf h 2 o + 6 hf C 02 ~ Hrp 

= 3 (-241 826) + 6(-393 522) - (-2 990 378) 

= -96 232 kJ/kmol 

o 

Notice if I took liquid water in products to do H RP then I must use liquid value 

o 

for hf h 2 o = - 285 830 kJ/kmol and the final result is the same. 
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13.56 

Acetylene gas, C 2 H 2 , is burned with stoichiometric air in a torch. The reactants 
are supplied at the reference conditions P G , T 0 . The products come out from the flame at 

2800 K after a heat loss by radiation. Find the lower heating value for the fuel, as it is not 
listed in Table 13.3, and the heat loss per kmol of fuel. 

The reaction equation is 

C 2 H 2 + 2.5 (0 2 + 3.76 N 2 ) -> 2 C0 2 + 1 H 2 0 + 9.4 N 2 
Definition of the heating value 

° O O -° -° - ° 

LHV = -H rp = H r - Hp = h f f ue i - hf h 2 o - 2 hf co? 

= 226 731 - (-241 826) - 2(-393 522) 

= 1 255 601 kJ/kmol = 48 222 kj/kg 

Energy Eq. : H P + Q out = H R = H° + AH P + Q out = H° 

Qout = h r - Hp - AH P = LHV - AH P 

AH P = 2 x 140 435 + 1 15 463 + 9.4 x 85 323 = 1 198 369 kJ/kmol 
Q out = 1 255 601 - 1 198 369 = 57 232 kJ/kmol fuel 
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13.57 

Some type of wood can be characterized as CiH 1 5 O 0.7 with a lower heating 
value of 19 500 kJ/kg. Find its formation enthalpy. 

Ci H i 5 O 0.7 + v Q ^[ O, + 3.76 N 2 ] -> C0 9 + 0.75 H,0 + 3.76v 0 ^ N 2 

O balance: 0.7 + 2v Q ^ = 2 + 0.75 ■=> v Q ^= 1.025, v N2 = 3.854 

M = 1 x 12.0111 + 1.5 x 1.008 +0.7 x 16 = 24.712 

H rp = Hp - H° = -M x HV = -24.712 x 19 500 = -481 884 kJ/kmol 

o o o 

= 0.75 hf h 2 o + 1 hf CO 2 ~ hf fuel 

_ 0 _ 0 _ 0 

hf fuel = 0- 7 5 hf h 2 o + 1 hf co 2 + M x HV 

= 0.75 (-241 826) + (-393 522) + 481 884 

= -93 008 kJ/kmol 
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13.58 

Do problem 13.40 using table 13.3 instead of Table A. 10 for the solution. 

One alternative to using petroleum or natural gas as fuels is ethanol (C 2 H 5 OH), which is 

commonly produced from grain by fermentation. Consider a combustion process in 
which liquid ethanol is burned with 120% theoretical air in a steady flow process. The 
reactants enter the combustion chamber at 25°C, and the products exit at 60°C, 100 kPa. 
Calculate the heat transfer per kilomole of ethanol. 

C 2 H 5 OH + 1.1 x 3 (0 2 + 3.76N 2 ) -> 2 C0 2 + 3 H 2 0 + 0.3 0 2 + 12.408 N 2 

Products at 60°C, 100 kPa, so check for condensation of water 

_ 19.94 n v max 

YmoMix- ioo - n VMAX + 2 + 0.3 + 12.408 

=> n v MAX = 3.66 >3 =^> No liquid 

Fuel: table 13.3 select (liquid fuel, water vapor) and convert to mole basis 

H rp = 46.069 (-26 811) = -1 235 156 kJ/kmol 
Since the reactants enter at the reference state the energy equation becomes 

Q cv = H P - H R = Hp + AH P - Hr = H RP + AH P 
AH P = 2 Ah^ + 3 Ah u _ + 0.3 AiL + 12.408 Ah.. 

^ C02 H 2 O 02 N2 

= 2(1373) + 3(1185) + 0.3(1039.5) + 12.408(1021) = 19 281 kJ/kmol 
Q cv = -1 235 156 + 19 281 = -1 215 874 kJ/kmol fuel 
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13.59 

Agriculturally derived butanol, C^^qO, molecular mass 74.12, also called bio- 
butanol has a lower heating value LHV = 33 075 kJ/kg for liquid fuel. Find its formation 
enthalpy. 

The reaction equation for stiochiometric ratio is: 

C 4 H 10 O + Vq2 (O 2 + 3.76 No) => 4 CO 2 + 5 H 2 0 + Vq2 x 3.76 N 2 
where the carbon and hydrogen balance have been done. Now the oxygen 
O: 1 + 2 vq2 = 4x2 + 5 => V 02 = 6; v^2 = 22.56 

The lower heating value per kmol fuel is 

0 O O -° -° -° 

LHV = - H rp = H r - H p = h f fuel - 4 hf co 2 - 5 hf h 2 o 
so the fuel formation enthalpy becomes 

o 00 

hf fuel = LHV + 4 hf co 2 + 5 hf h 2 o 

= 74.12 x 33 075 + 4 (-393 522 ) + 5(— 241 826) 

= 2 451 519 - 1 574 088 - 1 209 130 

= -331 699 kj/kmol 
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13.60 

In a picnic grill, gaseous propane and stoichiometric air are mixed and fed to the 
burner both at ambient P 0 and T 0 . After combustion the products cool down and at some 

point exit at 500 K. How much heat transfer was given out for 1 kg of propane? 


The reaction equation for stoichiometric mixture is: 

C 3 H 8 + v Q0 (0 2 + 3.76 N 2 ) -> aH 2 0 + bC0 2 + cN 2 


C balance: 

3 = b ; 

H balance: 

8 = 2a => a = 4 

O balance: 

2 v Q9 = a + 2b = 4 + 2x3 


=> V 02 = ^ 

N 2 balance: 

3.76 v Q2 = c = 18.8 


A/F = 5 x 4.76 x 28.97 / 44.094 = 15.637 
The reaction is 



C 3 H 8 + 5 (0 2 + 3.76 N 2 ) -> 4 H 2 0 + 3 C0 2 + 18.8 N 2 


All the water is in the vapor phase (500 K products). 

Energy Eq.: H R = Q out + H P => H R = Q out + H p + AH P 

A9: AH P = 4 x 6922 + 3 x 8305 + 18.8 x 5911 = 174 682 kJ/kmol fuel 

= (174 682 / 44.094) kJ/kg = 3961.6 kJ/kg 
Table 13.3: -H RP = HV = 46 352 kJ/kg 

Qout = h r - H P - AH P = -H rp - AH P = HV - AH P 

= (46 352 - 3961.6) kJ/kg fuel 

= 42 390 kJ/kg fuel 
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13.61 


Propylbenzene, C g H 12 , is listed in Table 13.3, but not in table A. 10. No molecular 

weight is listed in the book. Find the molecular weight, the enthalpy of formation for the 
liquid fuel and the enthalpy of evaporation. 

C g H ]9 + 12 0 9 — » 9 C0 9 + 6 H 9 0 
lOl = 9 x 12.011 + 6 x 2.016 = 120.195 

h RP = = H P - Hr = Z v i h fi - h fFu => h fFu = Z v i h fi " h RP 

P P 

Formation enthalpies from Table A. 10 and enthalpy of combustion from Table 
13.3 

^ f Fu = ^hfco 2 + 6hf H2 o g ■ ^('41 219) liq H20 vap 

= 9(-393 522) + 6(-241 826) - 120.195(-41 219) 

= -38 336 kj/kmol 

Take the enthalpy of combustion from Table 13.3 for fuel as a gas and as a vapor, 
the difference is the enthalpy of evaporation 

hfg = -(h RP g as - h RP pq) = 41 603 — 41 219 = 384 kj/kg 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


13.62 

Liquid pentane is burned with dry air and the products are measured on a dry 
basis as: 10.1% CCL, 0.2% CO, 5.9% O 2 remainder N 2 . Find the enthalpy of formation 
for the fuel and the actual equivalence ratio. 

v p C.H + v n CL + 3.76 v„ N — > 

Fu 5 12 O 2 2 O 2 2 

x H 2 0 + 10.1 C0 0 + 0.2 CO + 5.9 0 2 + 83.8 N, 


Balance of C: 5 v c =10.1+0.2 

Fu 


v c =2.06 

Fu 


Balance of H: 12 v c = 2 x 

Fu 


x = 6 v c = 12.36 

Fu 


Balance of O: 2 v„ = x + 20.2 + 0.2 + 2 x 5.9 

o 2 


=22.28 

o 2 


Balance of N: 2 x 3.76 v„ =83.8x2 

o 2 

v„ for 1 kmol fuel = 10.816 
02 


v„ = 22.287 => OK 

02 


<() = 1, C 5 H 12 + 8 0 2 + 8 x 3.76 N 9 -> 6 H 9 0 + 5 C0 2 + 30.08 N 2 

o o o _ ° _° _o 

H rp = Hp - H r = 6 hf h 2 o + 5 hf CO 2 ' hf f ue i 

Table 13.3: H RP = - 44 983 x 72.151 = - 3 245 568 kJ/kmol fuel 

O o o o 

hf fuel = 6 hf h 2 o + 5 hf co 2 ~ H RP 


= 6 (-241 826) + 5 (-393 522) + 3 245 568 

= -172 998 kJ/kmol 

(j) = AFs / AF = Vq 2 stoich /v c >2 ac = 8/10.816 = 0.74 
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13.63 

Wet biomass waste from a food-processing plant is fed to a catalytic reactor, 
where in a steady flow process it is converted into a low-energy fuel gas suitable for 
firing the processing plant boilers. The fuel gas has a composition of 50% methane, 45% 
carbon dioxide, and 5% hydrogen on a volumetric basis. Determine the lower heating 
value of this fuel gas mixture per unit volume. 

For 1 kmol fuel gas, 

0.5 CH 4 + 0.45 C0 9 + 0.05 H, + 1.025 O, 

-> (0.5 + 0.45) CO, + 1.05 H 2 0 

The lower heating value is with water vapor in the products. Since the 
0.45 C0 2 cancels, 

h Rp = 0.5(-393 522) + 1.05(-241 826) - 0.5(-74 873) - 0.05(0) 

= -413 242 kJ/kmol fuel gas 

n - 100 o 

With 77 = P/RT = t - 7777 — 77777 = 0.04033 kmol/m 3 

V 8.3145 x 298.2 

LHV = +413 242 x 0.04033 = 16 666 kj/m 3 
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13.64 


Determine the lower heating value of the gas generated from coal as described in 
Problem 13.30. Do not include the components removed by the water scrubbers. 

The gas from problem 13.30 is saturated with water vapor. Lower heating 
value LHV has water as vapor. 

LHV = -H rp = H p - H r 

Only CH 4 , and CO contributes, find gas mixture after the scrubbers: 


ch 4 

H 2 

CO 

co 2 

0.3 

29.6 

41.0 

10.0 


Cool to 40°C P = 7.384, P = 3000 kPa 



_ 7.384 _ n v 
y H20MAX - 3000 " n + 81.7 

V 




n =0.2016 

V 


n 

81.7 


Mixture composition: 

CH 4 H 2 CO C0 2 N 2 H 2 0(v) 

0.3 kmol 29.6 41.0 10.0 0.8 0.2016 

81.9016 kmol (from 100 kmol of the original gas mixture) 


0.3 CH 4 + 29.6 R, + 41 CO + 10 C0 2 + 0.8 N 2 + 0.2016 H,0 

LHV = -[0.3H RPch4 + 29.6 Hrp H2 + 41H RPco ]/81.9 

= - [0.3(— 50 010 x 16.043) + 29.6(— 241 826) 

+ 41 (-393 522+ 110 527)]/81.9 


= 232 009 


kj 

kmol gas 
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13.65 


Do Problem 13.42 using Table 13.3 instead of Table A. 10 for the solution. 

As an alternative fuel consider liquid methanol burned with stoichiometric air 
both supplied at P 0 , T 0 in a constant pressure process exhausting the products at 900 K. 

What is the heat transfer per kmol of fuel. 


CH 3 OH + 1.5 (0 2 + 3.76 N 2 ) -> 1 CO,, + 2H,0 + 5.64 N, 

Reactants at 25°C, products are at 900 K, 100 kPa. 

CH-.OH: From table 13.3 for liquid fuel, water vapor 

H rp = -19 910 kJ/kg = -19 910 x 32.042 = - 637 956 kJ/kmol fuel 
A9: AH P = 1 x 28 030 + 2 x 21 937 + 5.64 x 18 223 = 174 682 kJ/kmol fuel 

Q = H Po + AH P - H Ro = H rp + AH P = - 637 956 + 174 682 

= -463 274 kJ/kmol fuel 



Various species added to the methanol changes the flame color 
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13.66 

Do problem 13.43 using table 13.3 instead of Table A. 10 for the solution. 

The reaction equation for stiochiometric ratio is: 

C 7 H 16 + vq2 (O 2 + 3.76 N 2 ) => 7 CO 2 + 8 HoO + vq2 x 3.76 N 2 

So the balance (C and H was done in equation) of oxygen gives v 0 2 = 7 + 4 = 
11, and actual one is 11x1.25 = 13.75. Now the actual reaction equation is: 

C 7 H 16 + 13.75 0 2 + 51.7 N 2 => 7C0 2 + 8 H 2 0 + 51.7 N 2 + 2.75 0 2 

To find the heat transfer take a control volume as combustion chamber and 
heat exchanger 

H R + Q = H P => Q = Hp + AH P - Hp = H RP + AH P 

Now we get the enthalpy of combustion from table 13.3, which is per kg, so 
scale it with the molecular weight for the fuel. Add all the AHp from A. 9 

AH P = 7 Ah..., + 8 AiL „ +51.7 Ah M + 2.75 Ah,, 

r CO2 H2O N2 02 

= 7(12 906) + 8(10 499) + 51.7(8894) + 2.75(9245) = 659 578 

Q = M H rp + AHp = 100.205(-44 922) + 659 578 

= - 3 841 831 kj/kmol fuel 
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13.67 

E85 is a liquid mixture of 85% ethanol and 15% gasoline (assume octane) by 
mass. Find the lower heating value for this blend. 

The heating value of the blend becomes 

LHV = 0.85 LHV ethanol + 0.15 LHV 0Ctane 

= 0.85 (26 8 11) + 0.15 (44 425) kJ/kg 

= 29 453 kJ/kg 

As this is lower than gasoline a larger amount of fuel is being used for the same 
energy release in the engine. If the mixture was given on a mole basis we would have 
used LHV on a mole basis instead (multiplying Table 13.3 entries by M). 
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13.68 

Assume the products of combustion in Problem 13.67 are sent out of the tailpipe 
and cool to ambient 20°C. Find the fraction of the product water that will condense. 


Since the fuel mixture is specified on a mass basis we need to find the mole 
fractions for the combustion equation. From Eq.13.4 we get 

y ethanol = (0.85/46.069) / [0.85/46.069 + 0.15/114.232] = 0.93356 
yoctane ~ ^ ~ yethanol — 0.06644 


The reaction equation is 


0.93356 C 2 H 5 OH + 0.06644 C 8 H 18 + v 02 (0 2 + 3.76 N 2 ) 

V C02 CO^ + v h20 H 2 0+ 3.76v Q2 N 2 
C balance: 2 x 0.93356 + 8 x 0.06644 = v C02 = 2.39864 

H 2 balance: 3 x 0.93356 + 9 x 0.06644 = v H2Q = 3.39864 
O balance: 0.93356 + 2 v 02 = 2 v C0 2 + V H20 = 8.19592 => v 02 = 3.63118 

Now the products are: 


2.39864 C0 2 + 3.39864 H,0 + 13.65324 N 2 


Check for condensation amount 

P s (20°) 2.339 


Find x: y 


H 2 0 max 101.325 


= 0.023084 = 


x 


2.39864 + X + 13.65324 


x = 0.3793 mol of water can stay vapor. 

Condensing water = 3.39864 - 0.3793 = 3.01934 or 89 % 
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13.69 

Gaseous propane and stoichiometric air are mixed and fed to a burner both at 
ambient P 0 and T 0 . After combustion the products cool down and eventually reach 

ambient T 0 . How much heat transfer was given out for 1 kg of propane? 

The reaction equation for stoichiometric mixture is: 

C 3 H 8 + v Q2 (0 2 + 3.76 N 2 ) -> aH 2 0 + bC0 2 + cN 2 

C balance: 3 = b ; 

H balance: 8 = 2a => a = 4 
O balance: 2 v Q2 = a + 2b = 4 + 2x3 

=> V 02 = ^ 

N 2 balance: 3.76 v Q2 = c = 18.8 

A/F = 5 x 4.76 x 28.97 / 44.094 = 15.637 

The reaction is 

C 3 H 8 + 5 (0 2 + 3.76 N 2 ) -> 4 H 2 0 + 3 C0 2 + 18.8 N 2 

First we solve the problem assuming all the water is in the vapor phase and then we can 
solve with the proper split of water into liquid and vapor masses. 

Energy Eq.: H R = Q out + H P => H R = Q out + H p 

Qout = H R - H p = -H rp = HV = 46 352 kJ/kg fuel 

At T 0 we need to check for condensation of water partial P limited to P g . 

Pg 3.169 n v max 

y v max = p = 100 = n vmax + 3 + 18.8 

=> n vmax = 0.7135 and then n liq = 4 - n v max = 3.2865 

So now we know the split of the 4 moles of water into vapor and liquid. The change in 
the heating value becomes ( HV liq water = 50 343 kJ/kg fuel) 

0.7135 3.2865 

Qout = HV = 4 46 352 + — — 50 343 = 49 631 kJ/kg fuel 
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13.70 

In an experiment a 1 : 1 mole ratio propane and butane is burned in a steady flow 
with stoichiometric air. Both fuels and air are supplied as gases at 298 K and 100 kPa. 
The products are cooled to 1000 K as they give heat to some application. Find the lower 
heating value (per kg fuel mixture) and the total heat transfer for 1 kmol of fuel mixture 
used. 


Combustion: C 3 H 8 + C 4 H 1Q + 11.5(0,, + 3.76 N) — » 7 CO ? + 9 H 2 0 + 43.24 N 2 
v 02 = 7 + 9/2 = H.5 => v N2 = 3.76 x 11.5 =43.24 

The enthalpy of combustion for the 2 kmol of fuel becomes from Tbl 13.3 

Hp - H° = (-46 352) 44.094 + (-45 714) 58.124 = - 4 700 925.6 kJ/2 kmol fuel 
o 4 700 925.6 

HV = — H rp = 4^7Q9J7jT5g _ [24 = 45 989 kj/kg fuel Convert to mass basis 
AH P = 7 x 33 397 + 9 x 26 000 + 43.24 x 21 463 = 1 395 839 kJ/2 kmol fuel 

The heat transfer for the two kmol of fuel is 

Q = H R - H P = -H rp - AH P = 4 700 925.6 - 1 395 839 

= 3 305 087 kJ/2 kmol fuel 

= 1 652 544 kj/kmol fuel 
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13.71 

Blast furnace gas in a steel mill is available at 250°C to be burned for the 
generation of steam. The composition of this gas is, on a volumetric basis, 

Component CH 4 H 2 CO C0 2 N 2 H 2 0 

Percent by volume 0.1 2.4 23.3 14.4 56.4 3.4 

Find the lower heating value (kJ/m 3 ) of this gas at 250°C and ambient pressure. 

Of the six components in the gas mixture, only the first 3 contribute to the heating value. 
These are, per kmol of mixture: 

0.024 H 2 , 0.001 CH 4 , 0.233 CO 

For these components, 

0.024 H, + 0.001 CH 4 + 0.233 CO + 0. 1305 0 2 

-» 0.026 H ? 0 + 0.234 C0 9 

The remainder need not be included in the calculation, as the contributions to reactants 
and products cancel. For the lower HV(water as vapor) at 250°C 


h Rp = 0.026(-241 826 + 7750) + 0.234(-393 522 + 9370) 

- 0.024(0 + 6558) - 0.001(-74 873 + 2.254 x 16.04(250-25)) 

- 0.233(-110 527 + 6629) - 0.1305(0 + 6817) 

kJ 

= -72 749 kmo i f ue i 

v 0 = R T 0 /P 0 = 8.3145 X 523.2/100 = 43.5015 m 3 /kmol 
LHV = +72 749 / 43.5015 = 1672 kj/m 3 
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13.72 

Consider natural gas A which are listed in Table 13.2. Calculate the enthalpy of 
combustion of each gas at 25°C, assuming that the products include vapor water. Repeat 
the answer for liquid water in the products. 

Natural Gas A 

0.939 CH + 0.036 CAT + 0.012 CAT + 0.013 C ,H „ 

4 Z o Jo 4 1U 

+ 2.1485 (0, + 3.76N 2 ) -> 1.099 C0 2 + 2.099 H 2 0 + 8.0784 N 0 
H r = 0.939(-74 878) + 0.036(-84 740) + 0.012(-103 900) 

+ 0.013(-126 200) = -76244 kJ 

a) vapor H 9 0 

H p = 1.099(-393 522) + 2.099(-241 826) = -940 074 kJ/kmol 

h Rp = H p - H r = -863 830 kJ/kmol 

b) Liq. H 2 0 

H p = 1.099(-393 522) + 2.099(-285 830) = -1 032 438 

h Rp = -956 194 kJ/kmol 

These values can be compared to the pure methane 
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13.73 


Consider natural gas D which are listed in Table 13.2. Calculate the enthalpy of 
combustion of each gas at 25°C, assuming that the products include vapor water. Repeat 
the answer for liquid water in the products. 


Natural Gas D: 

0.543 CH + 0.163 CGT + 0.162 C,H fi + 0.074C ,H in 

4 ZD Jo 4 1U 

+ 0.058 N 2 + v Q9 (0, + 3.76 N 2 ) 

-> 1.651 C0 2 + 2.593 H 2 0 + v Q2 x 3.76 N 2 
H r = 0.543(-74 873) + 0.163(-84 740) + 0.162(-130 900) 

+ 0.074(-126 200) = -80 639 kJ 

a) vapor H 9 0 

H p = 1.651(-393 522) + 2.593(-241 826) = -1 276 760 kJ 

h Rp = -1 196 121 kj/kmol 

b) Liq. H 2 0 

H p = 1.651(-393 522) + 2.593(-285 830) = -1 390 862 kJ 

h Rp = -1 310 223 kj/kmol 
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13.74 

A burner receives a mixture of two fuels with mass fraction 40% n-butane and 
60% methanol, both vapor. The fuel is burned with stoichiometric air. Find the product 
composition and the lower heating value of this fuel mixture (kJ/kg fuel mix). 

Since the fuel mixture is specified on a mass basis we need to find the mole 
fractions for the combustion equation. From Eq.13.4 we get 

Ybutane = (0.4/58.124) / [0.4/58.124 + 0.6/32.042] = 0.26875 

ymethanol — ^ ~ Ybutane — 0.73125 
The reaction equation is 

0.73125 CH 3 OH + 0.26875 C 4 H 1Q + v Q2 (0 2 + 3.76 N 2 ) 

- > v C o2 c 0 2 + v h2Q H 2 0+ 3.76v Q 2N 2 
C balance: 0.73125 + 4 x 0.26875 = v CQ2 = 1.80625 

H 2 balance: 2 x 0.73125 + 5 x 0.26875 = v H2Q = 2.80625 
O balance: 0.73125 + 2 v 0 2 = 2 v C0 2 + V H20 = 6.41875 => v 0 2 = 2.84375 

Now the products are: 

1.80625 C0 2 + 2.80625 H,0+ 10.6925 N, 

Since the enthalpy of combustion is on a mass basis in table 13.3 (this is also the 
negative of the heating value) we get 

LHV = 0.4 x 45 714 + 0.6 x 21 093 = 30 941 kJ/kg fuel mixture 
Notice we took fuel vapor and water as vapor (lower heating value). 
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13.75 

Natural gas, we assume methane, is burned with 200% theoretical air and the 
reactants are supplied as gases at the reference temperature and pressure. The products 
are flowing through a heat exchanger where they give off energy to some water flowing 

in at 20°C, 500 kPa and out at 700°C, 500 kPa. The products exit at 400 K to the 
chimney. How much energy per km ole fuel can the products deliver and how many kg 
water per kg fuel can they heat? 

The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + c N 2 
O balance: 2 v Q2 = 2 + 2 => v Q9 = 2 

200% theoretical air: v Q9 = 2x2 = 4 so now more 0 2 and N 2 

CH 4 + 4 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + 15.04 N 2 + 2 0 2 

The products are cooled to 400 K (so we do not consider condensation) and 
the energy equation is 

Energy Eq.: H R + Q = H P = H P + AH P = H R + Q 

Q = H P - H R + AH P = H rp + AH P 

From Table 13.3: H RP = 16.04 (-50 010) = -802 160 kJ/kmol 

AH P = Ah C02 + 2 Ah H2 o + 2 Ah 02 + 15.04 Ah N2 
From Table A. 9 

AH P400 = 4003 + 2 x 3450 + 2 x 3027 + 15.04 x 2971 = 61 641 kJ/kmol 

Q = H RP + AH P = -802 160 + 61 641 = -740 519 kJ/kmol 
9prod = -Q / M = 740 5 19 / 16.04 = 46 167 kJ/kg fuel 

The water flow has a required heat transfer, using B.1.3 and B. 1.4 as 
q H9Q = h out - h in = 3925.97 - 83.81 = 3842.2 kJ/kg water 

The mass of water becomes 

m H20 7 m fuel = V»d 7 9 1120 = 120 k § Water 7 k § fuel 
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13.76 


Liquid nitromethane is added to the air in a carburetor to make a stoichiometric 
mixture where both fuel and air are added at 298 K, 100 kPa. After combustion a constant 
pressure heat exchanger brings the products to 600 K before being exhausted. Assume the 
nitrogen in the fuel becomes N 2 gas. Find the total heat transfer per kmole fuel in the 

whole process. 


CH 3 N0 2 + v Q2 (0 2 + 3.76 N 2 ) -a 1.5H 2 0 + 1 C0^ + aN 9 

C and H balances done in equation. The remaining 

O balance: 2 + 2 v Q2 = 1.5 + 2 => v Q2 = 0.75 

N balance: 1 + 3.76 v Q7 x 2 = 2a => a = 3.32 

Energy eq.: H R + Q = H p => Q = H p - H R = Hp - H R + AH p - AH R 

The reactants enter at the reference state, AH R = 0, and the products at 600 K from 
table A. 9 

AH =1.5 Ah + Ah + 3.32 Ah., 
p h 2 o C0 2 n 2 

= 1.5 (10 499) + 1 (12 906) + 3.32 (8894) = 58 183 kJ/kmol fuel 

Hp - H r = H rp = 61.04 (-10 537) = -643 178 kJ/kmol 
Q = -643 178 + 58 183 = -584 995 kJ/kmol fuel 
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13.77 

Gasoline, C7H17, is burned in a steady state burner with stoichiometric air at P 0 , 
T 0 . The gasoline is flowing as a liquid at T 0 to a carburetor where it is mixed with air to 
produce a fuel air gas mixture at T 0 . The carburetor takes some heat transfer from the hot 

products to do the heating. After the combustion the products go through a heat 
exchanger, which they leave at 600 K. The gasoline consumption is 10 kg per hour. How 
much power is given out in the heat exchanger and how much power does the carburetor 
need? 


Stoichiometric combustion: 

C 7 H 17 + v Q9 (0 2 + 3.76 N 2 ) -> 8.5 H/) + 7 C0 9 + c N 9 

O balance: 2v„ =8.5 + 14 = 22.5 => v„ =11.25 

02 02 

N balance: c = 3.76 v„ =3.76 x 11.25 =42.3 

02 

M cttct = 7 M„ + 17 M„ = 7 x 12.011 + 8.5x2.016 = 101.213 

r U JbJL L. JHL 

C.V. Total, heat exchanger and carburetor included, Q out. 

o o 

Energy Eq. : H R = H R = H P + AH P + Q out 

From Table A. 9 

AH P = 8.5 x 10 499 + 7 x 12 906 + 42.3 x 8894 = 555 800 kJ/kmol 
From energy equation and Table 13.3 

Qout = H r - H P - AH P = -H rp - AH P 

= 101.213 (44 506) - 555 800 = 3 948 786 kJ/kmol 
Now the power output is 

Q = n Q out = Q out m/M = 3 948 786 x / 101.213 = 108.4 kW 

The carburetor air comes in and leaves at the same T so no change in energy, 
all we need is to evaporate the fuel, h fg so 

Q = m h fg = 3^ (44 886 - 44 506) = ^ x 380 = 1.06 kW 

Here we used Table 13.3 for fuel liquid and fuel vapor to get h fg and any 
phase of the water as long as it is the same for the two. 
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13.78 

An isobaric combustion process receives gaseous benzene CgH 6 and air in a 
stoichiometric ratio at P 0 , T 0 . To limit the product temperature to 2000 K, liquid water is 

sprayed in after the combustion. Find the kmol of liquid water added per kmol of fuel and 
the dew point of the combined products. 

The reaction equation for stoichiometric mixture with C and H balance done is: 

C 6 H 6 + v 02 (0 2 + 3.76N 2 ) -> 3H 2 0 + 6C0 2 + cN 2 

O balance: 2 v„ = 3 + 6 x 2 = 15 => v„ = 7.5 

o 2 o 2 

N balance: c = 3.76 v„ =3.76 x 7.5 = 28.2 

o 2 

With x kmol of water added per kmol fuel the products are 
Products: (3 + x) H 2 0 + 6 C0 2 + 28.2 N 2 

o _ ° o 

Energy Eq. : H R = H R + xh f h 2 o liq = H P + AH P 

° _° 

= H P + x hf h 2 o vap + (3 + x) Ah H ^ Q + 6 Ah CQ ^ + 28.2 Ah^ 

Where the extra water is shown explicitly. Rearrange to get 

H R - Hp - 6Ah„ - 28.2Ah XT - 3Ah„ n 
K r CC>2 n 2 h 2 o 

o o 

= X (hf h 2 0 vap — hf h 2 0 liq ^hj_j 2 Q ) 

40 576 x 78.114 - 6 x 91 439 - 28.2 x 56 137 - 3 x 72 788 
= x [-241 826 -(-285 830) + 72 788 ] 

819 493 = x (116 792)=> x = 7.017 kmol/kmol fuel 

Dewpoint: y v = 6 + 2 g.2 + 3 + x = °' 2265 

=> P v = y v P = 0.2265 x 101.325 = 22.95 kPa 
B.1.2: T dew = 63°C 
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13.79 

A liquid fuel similar to diesel, n-dodecane Ci 2 H 2 6> is sent into a carburetor, where 
it is vaporized and mixed with air in a stoichiometric ratio. The liquid fuel and air are 
supplied at T and 100 kPa, and the heat to the carburetor, Qj, is taken from the 

combustion products, as in Fig. P13.77. After mixing, the reactant gas goes through a 
combustor, and after complete combustion the products enter a heat exchanger, where 
they deliver Q | to the carburetor and Q 2 to an application, after which the products exit at 

800 K. Find the heat transfer to the carburetor per kmol fuel, Q[, and the second heat 
transfer, Q 2 , both in kJ/kmol fuel.. 



First do the combustion equation for n-Dodecane 

Ci 2 H 26 + v Q2 (0 2 + 3.76 N 2 ) => 12 C0 2 + 13 H 2 0 + 69.56 N 2 

O balance: 2v„ =12x2 + 13 = 37 => v„ =37/2 = 18.5 

o? o 2 

Nt balance: v„ =3.76 v„ =3.76 x 18.5 =69.56 

A o? o 2 

M cttct = 12 M„ + 26 M„ = 12 x 12.011 + 26 x 1.008 = 170.34 

r U h/JL C rl 

CV Carburetor, here the air is unchanged, liquid fuel vaporizes 

Q 1 = HV f yap - HV f Uq = 170.34(44 467 - 44 109) = 60 982 kJ/kmol 

CV Total system (notice Qj is internal to this CV). 

Energy Eq.: 0 = H R1 - H P2 - Q 2 

Table 13.3: HV = -H RP = -170.34 (-44 109) = 7 513 527 kJ/kmol 

Table A. 9: AH P2 = 12 Ah( 2 Q 2 + 13 Ahj-^o + 69.56 Ahj^ 

= 12x 22 806 + 13 x 18 002 + 69.56 x 15 046 = 1 554 298 kJ/kmol 

Q 2 = H R1 - H P2 = H r - Hp - AH P2 = HV - AH P2 
= 7 513 527 - 1 554 298 = 5 959 229 kJ/kmol 
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13.80 

A mixture of fuels is E85, which is 85% ethanol and 15% gasoline (assume 
octane) by mass. Assume we put the fuel and air, both at T , P , into a carburetor and 

vaporize the fuel as we mix it with stoichiometric air before it flows to an engine. 

Assume the engine has an efficiency as work divided by the lower heating value of 30%, 
and we want it to deliver 40 kW. We use heat from the exhaust flow (500 K) for the 
carburetor. Find the lower heating value of this fuel (kJ/kg), the rate of fuel consumption, 
the heating rate needed in the carburetor, and the rate of entropy generation in the 
carburetor. 

The heating value of the liquid fuel blend becomes 

LHV = 0.85 LHV ethanol + 0.15 LHV 0Ctane 

= 0.85 x 26 811 + 0.15 x 44 425 kJ/kg = 29 453 kJ/kg 

W = 0.3 m fuel LHV 

m fuel = W/(0.3 x LHV) = 40 kW/ (0.3 x 29 453 kJ/kg) 

= 0.004527 kg/s = 16.3 kg/h 

The difference in heating value based on liquid versus vapor fuel is 

ALHV = 0.85 (27 731 - 26 811) + 0.15 (44 788 - 44 425) 

= 0.85 x 920 + 0.15 x 363 = 836.45 kJ/kg 

Q = m fuel ALHV = 0.004527 x 836.45 = 3.79 kW 

Entropy generation is from vaporizing the fuel by transfer of heat from 500 K exhaust gas 
to the intake system at To and then mixing it with air. The mole fractions are 

Ethanol: M = 46.069; Octane: M = 114.232 

DIV = [0.85 / 46.069] + [0.15 /1 14.232] = 0.01845 + 0.001313 = 0.019764 
y ethanol = 0.01845 / 0.019764 = 0.9336 

yoctane — 1 ~ yethanol — 0.06644 

0.93356 C 2 H 5 OH + 0.06644 C 8 H 18 + 3.63118 (0 2 + 3.76 N 2 ) O 
2.39864 C0 2 + 3.39864 H 2 0 + 13.65324 N 2 

C balance: 0.93356 x 2 + 0.06644 x 8 = 2.39864 = v C02 
H balance: 0.93356 x 6 + 0.06644 x 18 = 6.79728 = 2v H2G 

So the A/F ratio on a mole and mass basis are 

A/F-mole = 3.63118 x 4.76 / 1 = 17.2844; 

A/F-mass = 17.2844 x 28.97/50.5996 = 9.896 
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The fuel was mixed before the carburetor so afterwards we have a 1: 17.2844 mix. 


Sfg ethanol = (282.444 - 160.554)/46.069 = 2.6458 kJ/kg-K 
Sfg octan e = (466.514 - 360.575)/l 14.232 = 0.927402 kJ/kg-K 
s fg fuel mix = 0.85 x 2.6458 + 0.15 x 0.927 = 2.38798 kJ/kg-K 
M fuei = 0-9336 x 46.069 + 0.06644 x 114.232 = 50.5996 

Entropy Eq.: S gen = out - in = m fuel [s fg - R ln(y fuel )] + m air [- R ln(y air )] - Q/T exhaust 

= 0.004527 x [2.38798 - 50 5996 ^18.28 44 ^ 

17.2844 3.79 

- 0.004527 x 9.896 x 0.287 ln ( [8 2844 ) - ggo kW/K 
= 0.01297 + 0.000723 - 0.00758 = 0.0061 kW/K 
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Adiabatic Flame Temperature 
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13.81 

In a rocket, hydrogen is burned with air, both reactants supplied as gases at P , T . 

The combustion is adiabatic and the mixture is stoichiometeric (100% theoretical air). 
Find the products dew point and the adiabatic flame temperature (-2500 K). 

The reaction equation is: 

H 2 + v 02 (0 2 + 3.76 N 2 ) => H 2 0 +3.76 v 02 N 2 


The balance of hydrogen is done, now for oxygen we need v 0 2 = 0.5 and 
thus we have 1.88 for nitrogen. 

y v = 1/(1+1.88) = 0.3472 => P v = 101.325 x 0.3472 = 35.18 kPa = P g 
Table B. 1.2: T dew = 72.6 C. 

Energy Eq: 

Hr = H P => 0 = -241 826 + Ah water + 1.88 Ah nitrogen 

AHp = Ah water + 1.88 Ah nitrogen = 241 826 kJ/kmol fuel 

Find now from table A. 9 the two enthalpy terms 

At 2400 K : AH P = 93741 + 1.88 x 70640 = 226544 kJ/kmol fuel 

At 2600 K : AH P = 104520 + 1.88 x 77963 = 251090 kJ/kmol fuel 
Then interpolate to hit 241 826 to give T = 2525 K 
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13.82 

Hydrogen gas is burned with pure oxygen in a steady flow burner where both 
reactants are supplied in a stoichiometric ratio at the reference pressure and temperature. 
What is the adiabatic flame temperature? 

The reaction equation is: 

Ho + v 02 O 2 => HoO 

The balance of hydrogen is done, now for oxygen we need v 0 2 = 0.5. 
Energy Eq.: H R = H P => 0 = -241 826 + Ah H20 

=> Ah H20 =241 826 kJ/kmol 

Interpolate now in table A. 9 for the temperature to give this enthalpy 

T = 4991 K 
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13.83 

Some type of wood can be characterized as CiHj 5 O 0.7 with a lower heating 
value of 19 500 kJ/kg. Find its adiabatic flame temperature when burned with 
stoichiometric air at 100 kPa, 298 K. 


CiH L 5 O 0 .7 + v 02 [ O, + 3.76 N 2 ] -> CO, + 0.75 H,0 + 3.76v Q7 N 2 
O balance: 0.7 + 2v 0 ^ = 2 + 0.75 ■=> v Q ^= 1.025, v N2 = 3.854 


M = 1 x 12.0111 + 1.5 x 1.008 +0.7 x 16 = 24.712 

H rp = Hp - H R = -M x HV = -24.712 x 19 500 = -481 884 kJ/kmol 

Energy Eq. : H p = H P + AH p = H R = H R => AH p = H R - H P = -H RP 


AH p = Ah CQ2 + 0.75 Ah H20 + 3.854 Ah N2 = 481 884 kJ/kmol 


at 2400 K: AH p = 115 779 + 0.75 x 93 741 + 3.854 x 70 640 = 458 331 kJ 

at 2600 K: AH p = 128 074 + 0.75 x 104 520 + 3.854 x 77 963 = 506 933 kJ 


T = 2400 + 200 


481 884-458 331 
506 933 -458 331 


= 2497 K 


Comment: Most wood has some water and some non-combustible solids material so the 
actual flame temperature will be much lower. 



©C. Borgnakke 
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13.84 

A gas turbine burns methane with 200% theoretical air. The air and fuel comes in 
through two separate compressors bringing them from 100 kPa, 298 K to 1400 kPa and 
after mixing enters the combustion chamber at 600 K. Find the adiabatic flame 
temperature using constant specific heat for the AHp terms. 

The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -> 2H 2 0 + 1C0 2 + cN 2 
O balance: 2 v Q2 = 2 + 2 => v Q9 = 2 

200% theoretical air: v Q9 = 2x2 = 4 so now more 0 2 and N 2 

CH 4 + 4 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + 15.04 N 2 + 2 0 2 

The energy equation around the combustion chamber becomes 

Energy Eq.: H P - H R = 0 => AH P = H R + AH R - H P = -H RP + AH R 

AH r = AH Fuel + AH air = M C P AT + 4(Ah 02 + 3.76 Ah N2 ) 

= 16.043 x 2.254 (600-298) + 4(9245 + 3.76 x 8894) = 181 666 kJ/kmol 
-H rp = 16.043 x 50 010 = 802 310 kJ/kmol 

AH P = Ah CQ2 + 2 Ah H2Q + 15.04 Ah N2 + 2 Ah 02 ~ AT X v jC pj 
= 802 310 + 181 666 = 983 976 kJ/kmol (from energy Eq.) 

Iv.CL. = 0.842 x 44.01 + 2 x 1.872 x 18.015 + 15.04 x 1.042 x 28.013 

+ 2 x 0.922 x 31.999 = 602.52 kJ/kmol-K 

AT = AH P / Xv.C p . = 983 976 / 602.52 = 1633.1 K 
T = 298 + 1633 = 1931 K 
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13.85 

Extend the solution to the previous problem by using Table A. 9 for the AH P 

terms. 


The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -+ 2H 2 0 + 1C0 2 + cN 2 
O balance: 2 v Q2 = 2 + 2 => v Q9 = 2 

200% theoretical air: v (p = 2x2 = 4 so now more 0 2 and N 2 

CH 4 + 4 (0 2 + 3.76 N 2 ) -+ 2 H 2 0 + 1 C0 2 + 15.04 N 2 + 2 0 2 

The energy equation around the combustion chamber becomes 

Energy Eq.: H P - H R = 0 => AH P = H R + AH R - H P = -H RP + AH R 

AH r = AH Fuel + AH air = M C P AT + 4(Ah 02 + 3.76 Ah N2 ) 

= 16.043 x 2.254 (600-298) + 4(9245 + 3.76 x 8894) = 181 666 kJ/kmol 
-H rp = 16.043 x 50 010 = 802 310 kJ/kmol 

AH P = Ah C02 + 2 Ah H2G + 15.04 Ah N2 + 2 Ah Q2 

= 802 310 + 181 666 = 983 976 kJ/kmol (from energy Eq.) 


Trial and error with Ah from Table A. 9 


At 1 800 K 

AH P = 79 432 + 2 x62 693 + 15.04 x48 979 + 2 x51 674 = 1 044 810 kJ/kmol 
At 1700 K 

AH P = 73 480 + 2 x57 757 + 15.04 x45 430 + 2 x47 959 = 968 179 kJ/kmol 


Linear interpolation: 


T = 1700 + 100 


983 976 -968 179 
1 044 810- 968 179 “ 1721 K 
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13.86 

Carbon is burned with air in a furnace with 150% theoretical air and both 
reactants are supplied at the reference pressure and temperature. What is the adiabatic 
flame temperature? 


C + v„ CL + 3.76 v„ N 0 -> 1 CCL + 3.76 v„ 

O2 2 O2 2 2 O2 2 

From this we find v„ = 1 and the actual combustion reaction is 

02 

C+ 1.5 0 2 +5.64 N 2 -> 1 C0 9 + 5.64 N 2 + 0.5 0 2 
H p = H P + AH p = H r = H r => 

AH p = H r - H P = 0 - (-393 522) = 393 522 kJ/kmol 
AH p = Ah C02 + 5.64 Ah N2 + 0.5 Ah 02 


Find T so AH p takes on the required value. To start guessing assume all products 
are nitrogen (1 + 5.64 + 0.5 = 7.14) that gives 1900 < T < 2000 K from Table A. 9. 

AHp 19Q0 = 85 420 + 5.64 x 52 549 + 0.5 x 55 414 = 409 503 too high 
AH DI9nn = 79 432 + 5.64 x 48 979 + 0.5 x 51 674 = 381 511 

Jr loUU 


Linear interpolation to find 


T = 1800 + 100 


393 522- 381 511 
409 503 - 381 511 


= 1843 K 
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13.87 

Acetylene gas at 25°C, 100 kPa is fed to the head of a cutting torch. Calculate the 
adiabatic flame temperature if the acetylene is burned with 

a. 100% theoretical air at 25°C. 

b. 100% theoretical oxygen at 25°C. 

a) C,H, + 2.5 O, + 2.5 x 3.76 N, ^ 2 C0 2 + 1 H,0 + 9.4 N, 

H r = h° C2 h 2 = +226 731 kJ/kmol from table A. 10 

H p = 2(-393 522 + Ahc 02 ) + 1(-241 826 + Ah H20 ) + 9.4 AhJ^ 

Q cv = H p - H r = 0 => 2 Ahco2 + 1 A&H20 + 9.4 Ah^ = 1 255 601 kJ 

Trial and Error A.9: LHS 280 o = 1 198 369, LHS 3000 = 1 303 775 

Linear interpolation: T pROD = 2909 K 

b) C 2 H 9 + 2.5 0 2 -> 2 CO, + H,0 

H r = +226 731 kJ ; H p = 2(-393 522 + Ahc 02 ) + 1(-241 826 + Ah mo ) 

=> 2 Ah C Q 2 + 1 Ah n2 o = 1 255 601 kJ/kmol fuel 
At 6000 K (limit of A.9) 2 x 343 782 + 302 295 = 989 859 

At 5600 K 2 x 317 870 + 278 161 =913 901 

Slope 75 958/400 K change 

Extrapolate to cover the difference above 989 859 kJ/kmol fuel 
T prod * 6000 + 400(265 742/75 958) » 7400 K 
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13.88 

Hydrogen gas is burned with 200% theoretical air in a steady flow burner where 
both reactants are supplied at the reference pressure and temperature. What is the 
adiabatic flame temperature? 


The stoichiometric reaction equation is: 

H 2 + v Q2 (0 2 + 3.76 N 2 ) => H 2 0 + 3.76 v Q2 N 2 

The balance of hydrogen is done, now for oxygen we need \’ (p = 0.5 and 
thus we have for the actual mixture v (p = 1. The actual reaction is 

R, + 1 (0 2 + 3.76 N 2 ) => 1 H 9 0 + 3.76 N 2 + 0.5 0 9 

The energy equation with formation enthalpy from A. 9 or A. 10 for water is 
H r = H P => 0 = -241 826 + AH P 

AH P = Ah H2Q + 3.76 Ah N2 + 0.5 Ah Q2 = +241 826 kJ/kmol 

Find now from table A. 9 the three enthalpy terms 


At 2000 K : 

AH P = 

72 

OO 

00 

+ 

3.76 x 

56 

137 

+ 

0.5 

X 

59 

176 = 

= 313 

451 

At 1800 K : 

AH P = 

62 

693 

+ 

3.76 x 

48 

979 

+ 

0.5 

X 

51 

674 = 

= 272 

691 

At 1600 K : 

AH P = 

52 

907 

+ 

3.76 x 

41 

904 

+ 

0.5 

X 

44 

267 = 

= 232 

600 

At 1700 K : 

AH P = 

57 

757 

+ 

3.76 x 

45 

430 

+ 

0.5 

X 

47 

959 = 

= 252 

553 

in interpolate 

to match 

241 826 

to give 










241 826 - 232 600 

T - 1600 + 100 252 553 _ 232 60Q - 1646 K 
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13.89 


Butane gas at 25°C is mixed with 150% theoretical air at 600 K and is burned in 
an adiabatic steady flow combustor. What is the temperature of the products exiting the 
combustor? 

C 4 H ]0 + 1 .5x6.5 (0 2 + 3.76 N 2 4 CO, + 5 H 2 0 + 3.25 0 9 + 36.66 N 2 

Energy Eq.: H P - H R = 0 => AH P = H R + AH R - H P 

Reactants: AH R = 9.75(9245) + 36.66(8894) = 416 193 kJ/kmol ; 

Hr = h C4H10 = h° IG = -126 200 kJ/kmol => H R = +289 993 kJ/kmol 
H P = 4(-393522) + 5(-241826) = -2 783 218 kJ/kmol 

AH P = 4 Ah C0 2 5 Ah H2 o + 3.25 AhQ 2 + 36.66 Ah ^2 
From the energy equation we then get 

AH P = -126 200 + 416 193 -(-2 783 218) = 3 073 211 kJ/kmol 


Trial and Error: 

LHS 2 ooo k = 2 980 000, 
LHS2200 k = 2 369 866 

Linear interpolation to match RHS 
=> T P = 2048 K 
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13.90 

A stoichiometric mixture of benzene, CgHg, and air is mixed from the reactants 

flowing at 25°C, 100 kPa. Find the adiabatic flame temperature. What is the error if 
constant specific heat at 7 () for the products from Table A. 5 are used? 

C,H, + v„ CL + 3.76 v„ -> 6CCL + 3H 0 0 + 3.76 v„ 

6 6 O 2 2 O 2 2 2 2 O 2 2 

v„ =6 + 3/2 = 7.5 => v M =28.2 
02 N 2 

H p = H P + AH p = H r = H r => 

AH p = -H rp = 40576 x 78. 1 14 = 3 169 554 kJ/kmol 

AH p = 6 Ah C0 2 + 3 Ah H2 o + 28.2 Ah N2 

AH? O6Q0K = 6(128074) + 3(104 520) + 28.2(77 963) = 3 280 600, 

AH? , 4Q0K = 6(115 779) + 3(93 741) + 28.2(70 640) = 2 968 000 
Linear interpolation => T AD = 2529 K 

Iv.CL. = 6 x 0.842 x 44.01 + 3 x 1.872 x 18.015 + 28.2 x 1.042 x 28.013 
" 1 Pi 

= 1146.66 kJ/kmol K 

AT = AHp/XvjCp. = 3 169 554 / 1 146.66 = 2764 
=> T ad =3062K, 21% high 
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13.91 

What is the adiabatic flame temperature before the secondary air is added in 
Problem 13.51 


1500 K 
-+► 


Do a C.V. around the combustion chamber, then the energy equation becomes 

o 

Energy Eq.: H R1 = H P } = H P + AH P 1 

h ri = h r + AH R1 = h f fuel + AH Fuel + AH airl 
AH airl = 2(AH 02 + 3.76 AH N2 ) = 2(6086 + 3.76 x 5911) = 56 623 kJ/kmol 
AH Fuel ~ M C P AT = 16.043 x 2.254 (500 - 298) = 7304.5 kJ/kmol 

hf f uei - H P = HV = 16.043 x 50 010 = 802 310 kJ/kmol 

AH P | = Ah C02 + 0.75 Ah H2 o + 3.854 Ah N2 

= hf f U ei + AH Fuel + AH airl - H P (from energy Eq.) 

= 802 310 + 7304.5 + 56 623 = 866 237 kJ/kmol fuel 

at 2400 K: AH P l = 1 15 779 + 2 x 93 741 + 7.52 x 70 640 = 834 474 kJ/kmol 

at 2600 K: AH P , = 128 074 + 2 x 104 520 + 7.52 x 77 963 = 923 396 kJ/kmol 

866 237 - 834 474 

T - 2400 + 200 923 396 _ g34 4?4 - 2471 K 


CH 4 + v(0 2 + 3.76 N 2 ) -> 
C0 2 + 2H 2 0 + 3.76 v N 2 

O balance: v = 2, v N2 = 7.52 


Fuel 
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13.92 

Ethene, CoH 4 , bums with 150% theoretical air in a steady flow constant-pressure 
process with reactants entering at P Q , 7' () . Find the adiabatic flame temperature. 

Stoichiometric 

C 2 H 4 + 3(0, + 3.76N 2 ) -> 2CO, + 2H 2 0 + 11.28N, 

Actual 

C 2 H 4 + 4.5(0, + 3.76N 2 ) -> 2CO, + 2H,0 + 1.5 0,+ 16.92N, 

H = H P +- 2 Ah + 2 Ah _ + 1.5Ah„ + 16.92A1L 

P r CCb H 2 O O 2 N 2 

o _ o 00 

Hr = h f Fu AH p + H P = H r 

0 kT 

=> AH p = -H rp = 28.054 x 47 158 = 1 322 970.5 

AH = 2Ah r , r . + 2Ah„ + 1.5 Ah + 16.92 AL t 
p CO 2 H 2 O 02 N 2 

Initial guess based on (2+2+1.5+16.92) N 2 from A.9: = 2100 K 

AH p (2000) = 1 366 982, AH p (1900) = 1 278 398 

=> T = 1950 K 

AD 
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13.93 

A special coal burner uses a stoichiometric mixture of coal and an oxygen - argon 
mixture (1:1 mole ratio) with the reactants supplied at Po, To. Find the adiabatic 
flame temperature assuming complete combustion. 

Combustion of carbon: 

C + 0 2 + Ar — > CO ? + Ar 

C.V. Combustion chamber. 

Energy Eq.: 

° ° _ _ _ 

Hr = H R = H P = H P + AH P = h f cc , 2 + Ah COo + Ah^ 

Table A. 9 or A. 10: h fC0 ^= -393 522 kJ/kmol, reference H R = 0 

Table A.5: C P ^ = 0.52 x 39.948 = 20.773 kJ/kmol-K 

AH P = H R - H P = 0 - h f C02 = 393 522 kJ/kmol fuel 
AHp 5200 = 292 1 12 + 20.773 x (5200 - 298) = 393 938 kJ/kmol fuel, 
AHp 4 8 oo = 266 488 + 20.773 x (4800 - 298) = 360 005 kJ/kmol fuel, 

interpolate => T 4 = T ad flamg = 5195 K 

Comment: At this temperature some chemical equilibrium reactions will be 
important, see Chapter 14. 
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13.94 

A gas-turbine burns natural gas (assume methane) where the air is supplied to the 
combustor at 1000 kPa, 500 K and the fuel is at 298 K, 1000 kPa. What is the 
equivalence ratio and the percent theoretical air if the adiabatic flame temperature should 
be limited to 1 800 K? 

The reaction equation for a mixture with excess air is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) ^ 2 H 2 0 + 1 C0 2 + 3.76v Q2 N 2 + (v Q2 - 2)0 2 

H p = H P + AH p = H r = H r + AH r 
F rom table A. 9 at 500 K (notice fuel is at 298 K) 

AH R = 0 + v 02 (Ah Q2 + 3.76 Ah N2 ) = v Q2 (6086 + 3.76 x 5911) = 28 311.4 v Q2 
From table A. 9 at 1800 K: 

AH p = 2 Ah R20 + Ah C02 + 3.76 v Q2 Ah N2 + (v Q2 - 2) Ah Q2 

= 2 x 62 693 + 79432 + 3.76 v Q2 x 48 979 + (v Q2 - 2) 51 674 
= 101 470 + 235 835 v Q9 

From table 13.3: H P - H R = H RP = 16.04(-50 010) = -802 160 kJ/kmol 
Now substitute all terms into the energy equation 

-802 160 + 101 470 + 235 835 v Q9 = 28 311.4 v Q9 

Solve for v Q2 

802 160 - 101 470 
v o 2 - 235 835 - 28 311.4 “ 3 ' 376 

%Theoretical air = 100 (3.376 / 2) = 168.8 % 

O = AFs / AF = 2 / 3.376 = 0.592 
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13.95 

Liquid butane at 25°C is mixed with 150% theoretical air at 600 K and is burned 
in a steady flow burner. Use the enthalpy of combustion from Table 13.3 to find the 
adiabatic flame temperature out of the burner. 


C 4 H 1q + 1 .5x6.5 (0 0 + 3.76 N 2 4 CCX, + 5 H/) + 3.25 0 9 + 36.66 N 9 

Energy Eq.: H P - H R = 0 => AH P = H R + AH R - H P = -H RP + AH R 

Reactants: AH R = 9.75(9245) + 36.66(8894) = 416 193 kJ/kmol; 

H RP = M x HV = 58.124 x (-45 344) = -2 635 575 kJ/kmol 

AH P = 4Ah C02 + SAhj^pQ + 3.25 AhQ2 + 36.66 Ah]^ 

So the energy equation becomes 

AH P = 2 635 575 + 416 193 = 3 051 768 kJ/kmol 
Trial and Error: 

AH P 2000 K = 4x 91439 + 5x 72788 + 3.25x 59176 + 36.66x 56137 
= 2 980 000, 

AH P 2200 k = 4x 103562 + 5x 83 153 + 3.25x 66770 + 36.66x 63362 
= 3 369 866 

Linear interpolation to match RHS => T P = 2037 K 
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13.96 

Natural gas, we assume methane, is burned with 200% theoretical air and the 
reactants are supplied as gases at the reference temperature and pressure. The products are 
flowing through a heat exchanger and then out the exhaust, as in Fig. PI 3. 96. What is the 
adiabatic flame temperature right after combustion before the heat exchanger? 

The reaction equation for stoichiometric mixture is: 

CH 4 + v 02 (0 2 + 3.76 N 2 ) -> 1 C0 2 + 2 H 2 0 + c N 2 
O balance: 2 v Q2 = 2 + 2 => v Q9 = 2 

200% theoretical air: v Q1 = 2x2 = 4 so now more 0 2 and N 2 
CH 4 + 4 (0 2 + 3.76 N 2 ) -> 1 C0 2 + 2 H 2 0 + 15.04 N 2 + 2 0 2 

Energy Eq. : H air + H fuel = H R = H P 

H P + AH P = H r + AH r => AH P = H r + AH R - H P = -H RP + 0 
From Table 13.3: -H RP = -16.04 (-50 010) = 802 160 kJ/kmol 

AH P = Ah C02 + 2 Ah H2 o + 2 Ah G 2 + 15.04 Ah N2 
From Table A. 9 

AH P 1600 = 67 659 + 2 x 52 907 + 2 x 44 267 + 15.04 x 41 904 = 892 243 

AH P 1500 = 61 705 + 2 x 48 149 + 2 x 40 600 + 15.04 x 38 405 = 816 814 

AH P 1400 = 55 895 + 2 x 43 491 + 2 x 36 958 + 15.04 x 34 936 = 742 230 

Linear interpolation to get 802 160 

802 160 - 742 230 

T - 1400 + 100 gl6 814 _ 742 2 3Q “ 1480 K 
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13.97 

Solid carbon is burned with stoichiometric air in a steady flow process. The 
reactants at Tq, P {) are heated in a preheater to T 2 = 500 K as shown in Fig. P13.97, with 

the energy given by the product gases before flowing to a second heat exchanger, which 
they leave at Tq. Find the temperature of the products T 4 , and the heat transfer per kmol 

of fuel (4 to 5) in the second heat exchanger. 


Combustion of carbon: 

C + 0 2 + 3.76 N 0 C0 2 + 3.76 N 0 

C.V. Combustion chamber and preheater from 1 to 4, no external Q. For this 
CV states 2 and 3 are internal and do not appear in equations. 

Energy Eq.: 

H d = H r = H d =H P + AFL = h + Ah„„ + 3. 7 6 Ah.. 

R K P 4 v P 4 t CO 2 CO 2 N 2 

Table A. 9 or A. 10: h f co? = -393 522 kJ/kmol, reference H R = 0 

AH p4 = H r - H P = 0 - h f CQo = 393 522 kJ/kmol fuel 
AH D = 115 779 + 3.76 x 70 640 = 381 385 kJ/kmol fuel, 

P 4 2400 

AH D 0iSnA = 128 074 + 3.76 X 77 963 = 421 215 kJ/kmol fuel 

P 4 2600 

interpolate => T 4 = T , „ = 2461 K 

r H ad. name 

Control volume: Total. Then energy equation: 

Hr + Q = H P 

Q = H rp = hf CO 2 ‘ 0 = '393 522 kmol f ue] 
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13.98 

Gaseous ethanol, C 2 H 5 OH, is burned with pure oxygen in a constant volume 

combustion bomb. The reactants are charged in a stoichiometric ratio at the reference 
condition. Assume no heat transfer and find the final temperature ( > 5000 K). 


C 2 H 5 0H + 3 0 2 -> 2 C0 2 + 3 H 2 0 
Energy Eq.: 

U p = U R = H r + AH r - u r RT r = H P + AH p - n p RT p 
Solve for the properties that depends on T p and recall AH R = 0 

AH p - n p RT p = H R - H P - n R RT R = h f fuel - 2 hf co 2 ~ 3 hf H 20 ~ 4RT r 

Fuel: hf f ue i = -235 000 kJ/kmol for IG from Table A. 10 so 

AH p - n p RT p = -235 000 -2(-393 522) - 3(-241 826) 

- 4 x 8.31451 x 298.15 = 1 267 606 kJ/kmol 


LHS = AH D - n D RT D = 2 Ah nr , + 3 Ah u _ - 5 x 8.31451 x T D 

P P P CO2 H2O P 

From Table A. 9 we find 


LHS 5600 = 2 x 317 870 + 3 x 278 161 - 41.5726 x 5600 = 1 237 417 
LHS 6000 = 2 x 343 782 + 3 x 302 295 - 41.5726 x 6000 = 1 345 014 


T 

ad. flame 


= 5712 K 
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13.99 


Liquid //-butane at T () , is sprayed into a gas turbine with primary air flowing at 1.0 

MPa, 400 K in a stoichiometric ratio. After complete combustion, the products are at the 
adiabatic flame temperature, which is too high, so secondary air at 1.0 MPa, 400 K is 
added, with the resulting mixture being at 1400 K. Show that T ad > 1400 K and find the 

ratio of secondary to primary air flow. 

C.V. Combustion Chamber. 

C 4 H 10 + 6.5 0 2 + 6.5 x 3.76 N 2 -> 5 H 2 0 + 4 C0 2 + 24.44 N 2 


Primary 

Ai 


i 


Fue 


Secondary 


, Combustion 


Chambe 

t a 



Energy Eq. : H air + H fuel = H R = H P 

H P + AH P = H R + AH r => AH P = H R + AH R - H P = -H RP + AH R 
AH P = 45344 x 58.124 + 6.5(3.76 x 2971 + 3027) = 2 727 861 kj/kmol 
AH P 1400 = 5 x 43491 + 4 x 55895 + 24.44 x 34936 = 1 294 871 < AH P 
Remark: Try T AD > 1400: 

AH P = 2 658 263 @2400 K, AH P = 2 940 312 @2600 K 
C.V. Mixing Chamber. Air Second: v 02 s 0 2 + 3.76 N 2 

V 02 second ^^air ^Hp ] 4 (K) V ()2 second ^^air 1400 

AH P - AH P 1400 1432990 

^ v 02 second - a tr art _ 1 683 1 7 - 1 41 98 _ ^ 

An air 1400 An air 400 iOOJi/ 

ratio = v G2 sec /v 02 prim = 9. 3/6. 5 = 1.43 
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13.100 


The enthalpy of formation of magnesium oxide, MgO(s), is -601 827 kJ/kmol at 
25°C. The melting point of magnesium oxide is approximately 3000 K, and the increase 
in enthalpy between 298 and 3000 K is 128 449 kJ/kmol. The enthalpy of sublimation at 
3000 K is estimated at 418 000 kJ/kmol, and the specific heat of magnesium oxide vapor 
above 3000 K is estimated at 37.24 kJ/kmol K. 

a. Determine the enthalpy of combustion per kilogram of magnesium. 

b. Estimate the adiabatic flame temperature when magnesium is burned with 

theoretical oxygen. 

1 

a) Mg + 2 0 ? -> MgO(s) 


Ah 


Ah. 


COMB 


h f -601 827 

M - 24.32 - ~ 24 746 kJ/kg 


‘COMB M 

b) assume T R = 25°C and also that T p > 3000 K, (MgO = vapor phase) 
1st law: Q cy = H p - H R = 0, but = 0 


R 


Hp + *^3000 ' k 298^SOL + ^ k SUB + VAP^P ' 3000) 
= -601 827 + 128 449 + 418 000 + 37.24(T p - 3000) = 0 

Solving, T p = 4487 K 
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13.101 

In a test of rocket propellant performance, liquid hydrazine (N 2 H 4 ) at 100 kPa, 

25°C, and oxygen gas at 100 kPa, 25°C, are fed to a combustion chamber in the ratio of 
0.5 kg 02 /kg N 2 H 4 . The heat transfer from the chamber to the surroundings is estimated 
to be 100 kJ/kg N 2 H 4 . Determine the temperature of the products exiting the chamber. 
Assume that only TbO, Tb, and N 2 are present. The enthalpy of formation of liquid 
hydrazine is +50 417 kJ/kmol. 


Liq. N 2 H 4 : 100 kPa, 25°C » 

Gas 0 2 : lOOkPa, 25°C > 


m ()2 /m N2n4 0-5 32n Q2 /32n N2H4 and ^^ r ^N 2 n 4 ^0 kJ/kg 

Energy Eq.: Q cy = H p - H R = -100 x 32.045 = -3205 kJ/kmol fuel 

Combustion eq.: 1 N ? H 4 + ^0 ? — » H ? 0 + + N ? 

H r = 1(50417) + |(0) = 50417 kJ 

H p = -241 826 + Ah H2Q + Ah R2 + Ah N2 
Energy Eq. now reads 

Hp = H r + Q cv = Hj+ AH P 

AH P = Ah H2Q + Ah R2 + Ah N2 = -H P + H R + Q cy 

= 241 826 + 50 417 - 3205 = 289 038 kJ/kmol fuel 
Table A. 9 : Guess T and read for water, hydrogen and nitrogen 
2800 K: AH P = 115 463 + 81 355 + 85 323 = 282 141 too low 

3000 K: AH P = 126 548 + 88 725 + 92 715 = 307 988 too high 
Interpolate to get T p = 2854 K 



Products 
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Second Law for the Combustion Process 
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13.102 

Consider the combustion of hydrogen with pure oxygen in a stoichiometric ratio 
under steady flow adiabatic conditions. The reactants enter separately at 298 K, 100 kPa 
and the product(s) exit at a pressure of 100 kPa. What is the exit temperature and what is 
the irreversibility? 

The reaction equation is: 

Ho + v 02 O 2 => HoO 

The balance of hydrogen is done, now for oxygen we need v 0 2 = 0.5. 

Energy Eq.: H R = H P => 0 = -241 826 + Ah H20 

=> Ah H2Q =241 826 kJ/kmol 

Interpolate now in table A. 9 for the temperature to give this enthalpy 

T = 4991 K 

For this temperature we find from Table A. 9, in this case P = P 0 , so we do not 
need any pressure correction for the entropy 

S p = Sp = s H20 = 315.848 kJ/kmol K 

For the reactants we have (again no pressure correction) 

S R = s H2 + 0.5 §02 = 130.678 + 0.5 x 205.148 = 233.252 kJ/kmol K 

S = S D - S D = 315.848 - 233.252 = 82.596 kJ/kmol Ho K 

gen PR z 

I = T 0 S = 298.15 x 82.596 = 24 626 kJ/kmol H 2 

o gen ^ 
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13.103 

Consider the combustion of methanol, CH 3 OH, with 25% excess air. The 

combustion products are passed through a heat exchanger and exit at 200 kPa, 400 K. 
Calculate the absolute entropy of the products exiting the heat exchanger assuming all the 
water is vapor. 


CH 3 OH + 1.25 x 1.5 (0 2 + 3.76 N 2 ) -> C0 2 + 2 H 2 0 + 0.375 0 2 + 7.05 N 2 
We need to find the mole fractions to do the partial pressures, 
n = 1 + 2 + 0.375 + 7.05 = 10.425 => y. = nj / n 


Gas mixture: 



n i 

y, 

-o 

s i 

- yg 

-Rln p 
r o 

S. 

1 

c ° 2 

1.0 

0.0959 

225.314 

+13.730 

239.044 

H 9 0 

2 

0.1918 

198.787 

+7.967 

206.754 

°2 

0.375 

0.0360 

213.873 

+20.876 

234.749 

N 2 

7.05 

0.6763 

200.181 

-2.511 

197.670 


S^ 4Q ™ TY = y n. S. = 2134.5 kJ/K kmol fuel 

uAij MIA 1 1 
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13.104 


Consider the combustion of methanol, CH 3 OH, with 25% excess air. The 

combustion products are passed through a heat exchanger and exit at 200 kPa, 40°C. 
Calculate the absolute entropy of the products exiting the heat exchanger per kilomole of 
methanol burned, using the proper amounts of liquid and vapor for the water. 

CH 3 OH + 1.25 x 1.5 (0 2 + 3.76 N 2 ) -> C0 2 + 2 H 2 0 + 0.375 0 2 + 7.05 N 2 

Products exit at 40 °C, 200 kPa, check for saturation: 

_ P G_ 7.384 n v max 

y v max — P - 200 _ n VMAX + 1 +0.375 +7.05 


n v n v max 0-323 n LIQ 1.677 


Gas mixture: 



n i 

y, 

-o 

s i 

- yg 

-Rln p 
*0 

S. 

1 

co 2 

1.0 

0.1143 

215.633 

+12.270 

227.903 

H,0 

0.323 

0.0369 

190.485 

+21.671 

212.156 

°2 

0.375 

0.0429 

206.592 

+20.418 

227.01 

N 2 

7.05 

0.8059 

193.039 

-3.969 

189.07 


=V n.S. = 1714.50 kJ/Kkmol fuel 

GAS MIX 1 1 

§ liq = 69.950 + 18.015(0.5725 - 0.3674) = 73.645 kJ/kmol 
S UQ = 1.677 x 73.645 = 123.50 kJ/Kkmol fuel 
S prod = 17 14 - 50 + 123.50 = 1838 kJ/K kmol fuel 
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13.105 

An inventor claims to have built a device that will take 0.001 kg/s of water from 
the faucet at 10°C, 100 kPa, and produce separate streams of hydrogen and oxygen gas, 
each at 400 K, 175 kPa. It is stated that this device operates in a 25 °C room on 10-kW 
electrical power input. How do you evaluate this claim? 


Liq H 9 0 

10°C, 100 kPa 
0.001 kg/s 



► H 2 gas 


0 2 gas 

V 


-W cv = 10 kW 


each at 
400 K 
175 kPa 


T () = 25 °C 


H 7 0->H 2 + 20 


H. - H = [-285830 + 18.015(42.01 - 104.89)] - 2961 - ^(3027) 

= -291 437 kJ/kmol 

(S. - S ) = [69.950 + 18.015(0.151 - 0.3674)] - (139.219 - 8.3145 In 1.75) 

1 O 

- y(213.873 - 8.3145 In 1.75) = -173.124 kJ/kmol K 

W REV = (Hj - H e ) - T 0 (Si - S e ) = -291 437 - 298. 15(- 173. 124) 

= -239820 kJ/kmol 


W REV = (0.001/1 8.015)(-239 820) = -13.31 kW 
i = W REV - W cv = -13.31 - (-10) < 0 Impossible 
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13.106 

Propene, C 3 H 6 , is burned with air in a steady flow burner with reactants at P G , T 0 . 

The mixture is lean so the adiabatic flame temperature is 1 800 K. Find the entropy 
generation per kmol fuel neglecting all the partial pressure corrections. 

The reaction equation for a mixture with excess air is: 

C 3 H 6 + v Q2 (0 2 + 3.76 N 2 ) -> 3 H 2 0 + 3 C0 2 + 3.76v Q2 N 2 + (v Q2 - 4.5)0 2 

Energy Eq. : H R = H R + AH R = H R = H p = H P + AH p 

The entropy equation: S R + S gen = S p => S gen = S p " S r = S p ~ S R 

From table A. 9 at reference T 

A H R = Ah F u + Vo 2 (Aho 2 + 3. 7 6Ah N2 ) = 0 
From table A. 9 at 1800 K: 

AH p = 3 Ah H20 + 3 Ah C02 + 3.76 v Q2 Ah N2 + (v Q2 - 4.5) Ah Q2 

= 3 x 62 693 + 3 x 79432 + 3.76 v Q2 x 48 979 + (v Q2 - 4.5) 51 674 
= 193 842 + 235 835 v Q2 

From table 13.3: H P - H R = H RP = 42.081(-45 780) = -1 926 468 kJ/kmol 
Now substitute all terms into the energy equation 

-1 926 468 + 193 842 + 235 835 v Q2 = 0 

1 926 468- 193 842 

Solve for v Q2 : v Q2 = = 7.3468, v N2 = 27.624 

Table A. 9- 10 contains the entropies at 100 kPa so we get: 

S p = 3 x 259.452 + 3 x 302.969 + (7.3468 - 4.5) 264.797 + 27.624 x 248.304 
= 9300.24 kJ/kmol-K 

S D = 267.066 + 7.3468 x 205.148 + 27.624 x 191.609 = 7067.25 kJ/kmol K 

K. 

S = 9300.24 - 7067.25 = 2233 kJ/kmol-K 

gen 
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13.107 

Hydrogen peroxide, H 2 C> 2 , enters a gas generator at 25 °C, 500 kPa at the rate of 

0.1 kg/s and is decomposed to steam and oxygen exiting at 800 K, 500 kPa. The resulting 
mixture is expanded through a turbine to atmospheric pressure, 100 kPa, as shown in Fig. 
PI 3. 107. Determine the power output of the turbine, and the heat transfer rate in the gas 
generator. The enthalpy of formation of liquid H 2 0 2 is -187 583 kJ/kmol. 

1 . I ^ 1 H202 0.1 

H 2 O 2 — > H 2 0 + 2 0 2 n H 202 = ]yj = 34 015 = 0-00294 kmol/s 

n . = iitno? x 1-5 = 0.00441 kmol/s 

ex, mix nzuz 

C . = f x 1.872 x 18.015 + |x 0.922x31.999 = 32.317 

p mix 3 3 

C . =32.317 - 8.3145 = 24.0 => k . =32.317/24.0= 1.3464 

v mix mix 

CV: turbine. Assume reversible — > s 3 = s 7 

/ P 3\— / 100\ 0-2573 

T 3 = T 2 (=) k = 800(^) = 528 ' 8 K 

w = c p mix (T 2 - T 3 ) = 32.317(800 - 528.8) = 8765 kJ/kmol 
W cv = n . w = 0.00441 x 8765 = 38.66 kW 

^ v ex, mix 

CV : Gas Generator 

H l = 0.00294(-187 583 + 0) = -551.49 

H 2 = 0.00294(-241 826 + 18002) + 0.00147(0 + 15836) = -634.76 
Q cv = H 2 - H, = -634.76 + 551.49 = -83.27 kW 
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13.108 

Graphite, C, at P () , T {) is burned with air coming in at Pq, 500 K in a ratio so the 
products exit at P Q , 1200 K. Find the equivalence ratio, the percent theoretical air, and the 
total irreversibility. 

C + (l/(j))b(0 2 + 3.76 N 2 ) -> C0 2 + ((1/<|>)- 1)0 2 + 3.76(1/<|))N 2 
Stoichiometric: b = 1 

Energy Eq.: H p = H R => AH p 120Q - AH R = H R - H P 

44 473 + ((1/4,) - 1)29 761 + 3.76(1/^28 109 

- ( l/4>)(6086 + 3.76x591 1) = 0 - (-393 522) => (1/<|>) = 3.536 

S ge„ = S P ' S R = SvO' ' R >”(y)) 

P-R 

Reactants: y Q2 = 0.21, y N ^ = 0.79 (carbon is solid) 

Products: y Q2 = 0.1507, y N ^ = 0.79, y C02 = 0.0593 

Sp = 279.39 + 2.536 x 250.011 + 13.295 x 234.227 = 4027.5 

S R = 5.74 + 3.536(220.693 + 3.76 x 206.74) = 3534.8 
For the pressure correction the term with the nitrogen drops out (same y). 

R E-v ln(y) = R [-ln(y co p - 2.536 ln(y 0? prod ) + 3.536 ln(y 02 reac )] 

P-R 

= R [ -ln(0.0593) - 2.536 ln(0.1507) + 3.536 ln(0.21) ] 

= 8.3145(2.8235 + 2.536 xl.8927 - 3.536 xl.5606) = 17.503 
S = 4027.5 - 3534.8 + 17.503 = 510.2 kJ/kmol carbon-K 

gen 

1 = T 0 Sgen = 152 
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13.109 

Calculate the irreversibility for the process described in Problem 13.52. 

2C + 20 2 -> 1C0 2 + 1C0+|0 9 

Process V = constant, C: solid, n.,... =2, m.„. c =2.5 

n 2 T 2 2.5 x 1000 

p 2 - p i x jjjTj - 200 x 2 x jgg 2 “ 838 ' 4 kPa 

Hi = H r = 0 

H 2 = H p = l(-393522 + 33397) + 1(-1 10527 + 21686) 

+ (l/2)(0 + 22703) = -437 615 kJ 

A = (U 2 - VJ = (H 2 - Hj) - n 2 RT 2 4- n^T, 

= (-437 615 - 0) - 8.3145(2.5 x 1000 - 2 x 298.2) = -453 442 kJ 



Reactants: 

200 

S R = 2(5.740) + 2(205.148 - 8.31451 lny^) = 410.250 kJ/K 


Products: 



n. 

1 


— O 

s. 

1 

- Yi P 
-Rln p 
r 0 

S. 

1 

co 2 

1.0 

0.40 

269.299 

-10.061 

259.238 

CO 

1.0 

0.40 

234.538 

-10.061 

224.477 

0. 

0.5 

0.20 

243.579 

-4.298 

239.281 


S p = 1.0(259.238) + 1.0(224.477) + 0.5(239.281) = 603.355 kJ/K 

1 = T o<V S r> ‘ A 

= 298.15(603.355 - 410.250) - (-453 442) = +511 016 kJ 
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13.110 

Two kilomoles of ammonia are burned in a steady flow process with x kmol of 
oxygen. The products, consisting of H 2 0, N 2 , and the excess 0 2 , exit at 200°C, 7 MPa. 

a. Calculate x if half the water in the products is condensed. 

b. Calculate the absolute entropy of the products at the exit conditions. 

2NH 3 + x0 2 -> 3H 2 0 + N 2 + (x- 1.5)0 2 

Products at 200 °C, 7 MPa with n H20 liq = n H 20 vap =1-5 

1.5538 1.5 

a ) Yh20 vap - Pg/P - 7 - 1.5 + l+ x -1.5 _> x_ $.151 

b) ■'’PROD = S GA S MIX + Sr20 LIQ 


Gas mixture: 

n. 

i 

y, 

- o 

Si 

-Rln( yi P/P 0 ) 

S. 

1 

h 2 o 

1.5 

0.222 

204.595 

-22.810 

181.785 

0 2 

4.257 

0.630 

218.985 

-31.482 

187.503 

N 2 

1.0 

0.148 

205.110 

-19.439 

185.671 


^gas mix = 1-5(181.785) + 4.257(187.503) + 1.0(185.67) = 1256.55 kJ/K 
SmoLiQ = 1.5[69.950 + 18.015(2.3223 - 0.3674)] = 157.75 kJ/K 
Sprod = 1256.55 + 157.75 = 1414.3 kJ/K 
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13.111 

A flow of 0.02 kmol/s methane CH 4 and 200% theoretical air both at reference 
conditions are compressed separately to P 3 = P 4 = 2 MPa, then mixed and then burned in 
a steady flow setup (like a gasturbine). After combustion, state 6 , heat transfer goes out 
so the exhaust, state 7, is at 600 K. 

a) Find T 3 , T 4 and T 5 

b) Find the total rate of irreversibility from inlet to state 5. 

• • • 

c) Find the rate of heat transfer minus the work terms (Q - Wj -W 2 ) 

The reaction equation for stoichiometric ratio is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) => C0 2 + 2 H 2 0 + v Q2 x 3.76 N 2 

where the carbon and hydrogen balance have been done. Now the oxygen 
O: 2vq2= 2 + 2 => vq2 = 2; vn2 = 7.52 

The actual combustion becomes Vq 2 = 2x2 = 4; v ^2 = 15.04 

CH 4 + 4 (0 2 + 3.76 N 2 ) => C0 2 + 2 H 2 0 + 15.04 N 2 + 2 0 2 


1 



The two compressors assumed adiabatic and reversible 

k-1 1.4-1 

Air: T 3 = (P 3 /P 1 ) k = 298.15 (2000/100) 1,4 = 701.7 K 

k-1 1.299-1 

CH 4 : T 4 = T 2 (P 4 /P 2 ) = 298.15 (2000/100) = 594.2 K 

n^r = 4 x 4.76 n Fu = 19.04 n Fu = 0.3808 kmol/s 
C Pair = 28.97 X 1.004 = 29.0859 kJ/kmol-K, 

C PFu = 16.043 x 2.254 = 36.1609 kJ/kmol-K 
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Energy Eq. mixing chamber : 

Tiir ^3 ^Fu ^4 — ^air ^5 air 'Vu ^5 Fu 


use constant specific heats to evaluate and divide with n Fu to get 

19.04 x 29.0859 x 701.7 + 36.1609 x 594.2 = 

(19.04 x 29.0859 + 36.1609) T 5 

solve T 5 = 695.1 K 


19.04 1 

C.V. From the inlet 1,2 to the exit state 5, no Q so y 5 air = 2 QQ 4 , Ys Fu = 2004 


8 gen ^air( s 5 air ^l) ^Fu ( s 5 Fu ^ 2 ) 

695.1 19.04 2000 

= 0.3808 [29.0859 ~ 8-3145 ln( 20.04 100 )] 

695.1 1 2000 

+ 0.02 [36.1609 ln(^T^) - 8.3145 ln( 2Q Q4 1Q() ) ] 

= 0.3808 x 0.1376 + 0.02 x 30.625 = 0.6649 kW/K 
i = T 0 Sgen = 298.15 x 0.6649 = 198.2 kW 


C.V. Total control volume from inlet 1, 2 to final exit at state 7 
Q- W, -W 2 = n air h, + n Fu h 2 - n P h 7 = n Fu [H r - H P ] 

H r - H P = H° - Hp - AH P = - H rp - AH P 
The lower heating value per kmol fuel is 

LHV = - H RP = H° - H° = 16.043 x 50 010 = 802 310.4 kJ/kmol 

AH P = Ah.,., +2 Ah,, „ +15.04 Air, + 2 Air, 
r C02 H2O N2 02 

= 12 906 + 2 x 10 499 + 15.04 x 8894 + 2 x 9245 

= 186 159.8 kJ/kmol fuel 

Q - Wj -W 2 = 0.02 x (802 310.4 - 186 159.8) = 12 323 kW = 12.3 MW 
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13.112 

A flow of hydrogen gas is mixed with a flow of oxygen in a stoichiometric ratio, 
both at 298 K and 50 kPa. The mixture bums without any heat transfer in complete 
combustion. Find the adiabatic flame temperature and the amount of entropy generated 
per kmole hydrogen in the process. 

The reaction equation is: 

Ho + v 02 ^2 => HoO 

The balance of hydrogen is done, now for oxygen we need v 0 2 = 0.5. 

Energy Eq.: H R = H P => 0 = -241 826 + Ah H2 o 

=> Ah H2Q =241 826 kJ/kmol 

Interpolate now in table A. 9 for the temperature to give this enthalpy 

T = 4991 K 

For this temperature we find from Table A. 9 

S P = s H2 o - R ln(P/P 0 ) = 315.848 - 8.31451 ln(0.5) = 321.611 kJ/kmol K 

For the reactants we have 

S R = s H2 - R ln(P/P 0 ) + 0.5 [§02 - R ln(P/P 0 ) ] 

= 130.678 + 0.5 x 205.148 - 1.5 x 8.31451 ln(0.5) 

= 241.897 kJ/kmol K 

S =S D -S„ =321.611 - 241.897 = 79.714 kJ/kmol H 2 K 

gen PR ^ 

Recall that this entropy generation includes the mixing process, we did not use 
the partial pressures after mixing but the total pressure (50 kPa) before mixing. 
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13.113 

Methane is burned with air, both of which are supplied at the reference 
conditions. There is enough excess air to give a flame temperature of 1800 K. What are 
the percent theoretical air and the irreversibility in the process? 

The combustion equation with X times theoretical air is 

CH 4 + 2X(0 2 + 3.76 N 2 ) -» C0 2 + 2H 2 0 + 2(X-1)0 2 + 7.52X N 2 

o o 

Energy Eq. : H air + H fuel = H R = H P = H P + AH P = H R + AH R 

=> AH P = H R + AH r - H P = -H rp + 0 
From Table 13.3: -H RP = -16.04 (-50 010) = 802 160 kJ/kmol 

AH P = Ah C02 + 2 Ah H2 o + 2(X-1) Ah 02 + 7.52X Ah N2 

From Table A. 9 and the energy equation 

AH P 1800 = 79 432 + 2 x 62 693 + 2(X-1) 51 674 + 7.52X x 48 979 = 802 160 
so 

101 470 + 471 670 X = 802 160 => X= 1.4856 

%Theoretical air = 148 . 6 % 

The products are 

Products: C0 2 + 2H 2 0 + 0.9712 0 2 + 11.172 N 2 

The second law 

Sgen — Sp - S R and I — T 0 Sg en 

Reactants: Pj = 100 kPa, P Q = 
n i Yi 

CH 4 1 1 

0 2 2X 0.21 

N 2 7.52 X 0.79 

S R = £ n i S i = 2996.84 kJ/K kmol fuel 


100 kPa, Sf 

_0 

s f 

186.251 

205.148 

191.609 


— Yi p i 

-R 

r o 

0 

12.976 

1.96 


kJ 

kmol K 

186.251 

218.124 

193.569 


from Table A. 9 
S. 
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Products: P e = 100 kPa, P Q = 100 kPa 



n i 

Yi 

__0 

s 1800 

— Yi P e 

-Rln p 
r o 

s kJ 

i kmol 

<N 

O 

u 

1 

0.06604 

302.969 

22.595 

325.564 

h 2 0 

2 

0.13208 

259.452 

16.831 

276.283 

0 2 

0.9712 

0.06413 

264.797 

22.838 

287.635 

N 2 

11.172 

0.73775 

248.304 

2.529 

250.833 


Sp = £ njS. = 3959.72 kJ/K kmol fuel; 

I = T 0 (S P - S R ) = 298.15(3959.72 - 2996.84) = 287 MJ/kmol fuel 
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13.114 

Pentane gas at 25°C, 150 kPa enters an insulated steady flow combustion 
chamber. Sufficient excess air to hold the combustion products temperature to 1800 K 
enters separately at 500 K, 150 kPa. Calculate the percent theoretical air required and the 
irreversibility of the process per kmol of pentane burned. 

C 5 H 12 + 8X( 0 2 + 3.76 N 2 ) -> 5 C0 2 + 6 H 2 0 + 8(X-1) 0 2 + 30.08X N 2 

Energy Eq.: Q cv + H R = H P + W cv ; W cv = 0, Q cv = 0 

Reactants: C 5 H 12 : h° from A. 9 and Ah 50 o for 0 2 and N 2 from A. 9 

Hr = (h f )c 5 H 12 + 8X Ah 02 + 30.08X Ah N2 

= -146 500 + 8X 6086 + 30.08 X 5911 = 226 491 X - 146 500 

Hp = 5(hf + Ah) C02 + 6(h f + Ah) R2 Q + 8(X-1) AhQ 2 + 30.08 X Ahj^ 2 

= 5(-393 522 + 79 432) + 6(-241 826 + 62 693) + 8(X-1) 51 674 
+ 30.08 X 48 979 = 1 886 680 X - 3 058 640 

Energy Eq. solve for X; 


Hr 

= H P 

= 226 491 X- 

146 500 = 

1 886 680 X - 

3 058 640 



=> X = 

= 1.754 



Reactants: 

Pin = 

150 kPa, P 0 = 

100 kPa, 

O 

s f 



n i 

yi 

_0 _0 
c c 

- YiPin 

* kJ 


s f’ s 500 

- R In p 
r 0 

i kmol K 

C 5 H 12 

1 

1 

348.945 

-3.371 

345.574 

0 2 

8X 

0.21 

220.693 

9.605 

230.298 

n 2 

30.08 X 0.79 

206.74 

-1.411 

205.329 


S R = X niS. = 14410.34 kJ/K kmol fuel 
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Products: P e = 150 kPa, P Q = 100 kPa 



n i 

yi 

_0 

- YiPe 

R kJ 


s 1800 

-Rln 

r o 

i kmol 

(N 

O 

u 

5 

0.0716 

302.969 

18.550 

321.519 

h 2 o 

6 

0.086 

259.452 

17.027 

276.479 

0 2 

8(X-1) 

0.0864 

264.797 

16.988 

281.785 

N 2 

30.08X 

0.756 

248.304 

-1.045 

247.259 


Sp = 

: Z n A = 

17 732.073 

kJ/K kmol fuel; 


] 

: = T 0 (s P - 

S R ) = 298 

.15(17 732.1 

37 - 14 410.34) 



= 990 MJ/kmol fuel 
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13.115 


A closed rigid container is charged with propene, C 3 H 6 , and 150% theoretical air 

at 100 kPa, 298 K. The mixture is ignited and burns with complete combustion. Heat is 
transferred to a reservoir at 500 K so the final temperature of the products is 700 K. Find 
the final pressure, the heat transfer per kmole fuel and the total entropy generated per 
kmol fuel in the process. 


C 3 H 6 + v Q 2 (0 2 + 3.76 N 2 ) -> 3 C0 2 + 3 H 2 0 + x N, 


Oxygen, 0 9 , balance: 

Actual Combustion: (j)=1.5 => v 


2v=6+3=9 

02 


v n =4.5 

o 2 


0 2 ac 


= 1.5 x 4.5 = 6.75 


C,H, + 6.75 O- + 25.38 N_ -> 3 CO- + 3 H 9 0 + 25.38 N 0 + 2.25 CL 

3 o Z Z L L z z 

n p T 2 33.63 x 700 

P 2 “ P i n R T , “ 100 x 33.13 x 298.15 _ 238 ‘ 3 kPa 

Enthalpies from Table A. 9 

AH p?00 = 3x17 754 + 3x14 190 + 25.38x11 937 + 2.25x12 499 


kJ 


- 426 916 k mo i f ue i 


Enthalpy of combustion from table 13.3 converted to mole basis 
H rp = -45 780 x 42.081 = -1 926 468 kJ/kmol fuel 

u 2 - U i = tQ 2 -° = H 2 - H i- n 2 R T 2 + n iRT 1 
|Q 2 - ^RP + 700 " n p P ^2 + n i P ^ rP l 

= -1 926 468 + 426 916 - 33.63 x 8.3145 x 700 
+ 33.13 x 8.3145 x 298.15 = -1.613xl0 6 km ^ fuel 


Entropies from Table A. 9 and pressure correction 


Reactants: 

n. 

i 

y, 

-o 

s. 

i 

-Rln( yi P/P 0 ) 

S. 

1 

C 3 H 8 

1.0 

0.0302 

267.066 

29.104 

296.17 

°2 

6.75 

0.2037 

205.143 

13.228 

218.376 

n 2 

25.38 

0.7661 

191.609 

2.216 

189.393 


kl 

S 1= 296.17 + 6.75 x 218.376 + 25.38 x 189.393 = 6577 kmol fuel K 
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Products: 

n. 

i 

y, 

co 2 

3 

0.0892 

H,0 

3 

0.0892 

°: 

2.25 

0.0669 

n 2 

25.38 

0.7547 


-o 

s. 

i 

250.752 

-Rln( yi P/P 0 ) 

+12.875 

S. 

1 

263.627 

218.739 

+12.875 

231.614 

231.465 

+15.266 

246.731 

216.865 

-4.88 

211.985 


S 2 = 3(263.627 + 231.614) + 2.25 x 246.731 + 25.38 x 211.985 
= 7421 kJ/kmol fuel K 


1.613xl0 6 


kJ 


1 S 2 ge„ = S 2 ' S 1 - lQ 2 /T res = 7421 ' 6577 + 500 = 4070 
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Problems Involving Generalized Charts or Real Mixtures 
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13.116 

Liquid butane at 25 °C is mixed with 150% theoretical air at 600 K and is burned 
in an adiabatic steady state combustor. Use the generalized charts for the liquid fuel and 
find the temperature of the products exiting the combustor. 


25° C LIQ. Q q 0 

150% Air 

600 K 


Adiab . 

Prod . 

, Comb. 

at Tr, 


X 


cv 


= 0 


T c = 425.2 K 
T r = 0.701 


& C 4 H 10 = hf IG + (h LIQ - h*) see Fig. D.2 

= -126200 + (-4.85 x 8.3145 x 425.2) = -143 346 kJ 
C 4 H 1q + 1.5 x 6.5 + 3.76 x 9.75 N 2 

-> 4CCL + 5 FLO + 3.25 CL + 36.66 N 


h AIR = 9.75(9245) + 36.66(8894) = 416 193 kJ 
=> H D = 416 193- 143 346 = +272 847 kJ 

H p = 4(-393522 + A&C 02 ) + 5(-241826 + Ah H20 ) + 3.25 Aho 2 + 36.66 Ah N2 
Energy Eq.: H p - H R = 0 

4 Ah C02 + 5 Ah H2Q + 3.25 Ah 02 + 36.66 Ah N2 = 3 056 065 
Trial and Error: LHS, nnn „ = 2 980 000, LHS 0 , nfl = 3 369 866 

ZUUU is. ZZUU is. 

Linear interpolation to match RHS => T p = 2039 K 
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13.117 

Repeat Problem 13.101, but assume that saturated-liquid oxygen at 90 K is used 
instead of 25°C oxygen gas in the combustion process. Use the generalized charts to 
determine the properties of liquid oxygen. 

Problem same as 13.101, except oxygen enters at 2 as saturated liquid at 90 K. 


” 1 02 ^N 2 H 4 0-5 32n Q2 /32n N2H4 


and Q/m N2H4 = -100 kJ/kg 


Energy Eq.: Q cy = H p - H p = -100 x 32.045 = -3205 kJ/kmol fuel 


R 


Reaction equation: 


1 


in 2 h 4 + 2 o 2 -> h 2 o + h 2 + n 2 


At 90 K,T =90/154.6 = 0.582 => Ah =5.2 

r2 f 

Figure D.2, (h* - h) = 8.3145 x 154.6 x 5.2 = 6684 kJ/kmol 

Ah AT2 = -6684 + 0.922 x 32 x (90 - 298.15) = -12825 kJ/kmol 

H r = 50417 + y(0 - 12825) = 44005 kJ, H° = -241826 

Energy Eq: Ah p = Ah |R() + Ah H ^ + Ah^ = Q cy + H R - H° = 282 626 kJ/kmol 

From Table A. 9, AH p O800K = 282 141, AH p 3000K = 307 988 kJ/kmol 
Therefore, T p = 2804 K 
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13.118 

A gas mixture of 50% ethane and 50% propane by volume enters a combustion 
chamber at 350 K, 10 MPa. Determine the enthalpy per kilomole of this mixture relative 
to the thermochemical base of enthalpy using Kay’s rule. 

h* ix 0 = 0.5(-84740) + 0.5(- 103900) = -94320 kJ/kmol 
C DnA/ITY = 0.5 x 30.07 x 1.7662 + 0.5 x 44.097 x 1.67 = 63.583 

P0 MIX 

hio - h298 = 63.583 x (350 - 298.2) = 3294 kJ/kmol 
Kay’s rule: T c MJX = 0.5 x 305.4 + 0.5 x 369.8 = 337.6 K 

P c MIX = 0.5 x 4.88 + 0.5 x 4.25 = 4.565 MPa 
T = 350/337.6 = 1.037, P = 10/4.565 = 2.19 

r r 

From Fig. D.2: h* - h = 8.3145 x 337.6 x 3.53 = 9909 kJ/kmol 

Vx 350K,10MPa = - 94320 + 3294 ' 9909 = - 100 935 U/kmol 
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13.119 


A mixture of 80% ethane and 20% methane on a mole basis is throttled from 10 
MPa, 65 °C, to 100 kPa and is fed to a combustion chamber where it undergoes complete 
combustion with air, which enters at 100 kPa, 600 K. The amount of air is such that the 
products of combustion exit at 100 kPa, 1200 K. Assume that the combustion process is 
adiabatic and that all components behave as ideal gases except the fuel mixture, which 
behaves according to the generalized charts, with Kay’s rule for the pseudocritical 
constants. Determine the percentage of theoretical air used in the process and the dew- 
point temperature of the products. 

Reaction equation: 

Fuel mix: h t ° FUEL = 0.2(-74873) + 0.8(-84740) = -82767 kJ/kmol 

CpopuEL = 0.2 x 2 - 2537 x 16-04 + 0.8 x 1-7662 x 30.07 = 49.718 

AhpuEL = 49.718(65 - 25) = 1989 kJ/kmol 
T CA = 305.4 K, T CB = 190.4 K => T cmix =282.4K 
P ca = 4.88, P CB = 4.60 => P c mi x = 4.824 MPa 
T r = 338.2/282.4 = 1.198, P r = 10/4.824 = 2.073 

(h* - h) FUE L in = 8.31451 x 282.4 x 2.18 = 5119 

kl 

=* hruELiN = -8 2 767 + 1989 - 5119 = -85897 

Energy Eq.: 

1.8(-393522 + 44473) + 2.8(-241826 + 34506) 

+ 3.2(x - 1)(29761) + (12.03x)(28109) 

+ 85897 - (3.2x)(9245) - (12.03x)(8894) = 0 

a) x = 4.104 or 410.4 % 

b) n p = 1.8 + 2.8 + 3.2(4.104 - 1) + 12.03 x 4.104 = 63.904 

y H2Q = 2.8/63.904 = P y /100 ; P y = 4.38kPa, T = 30.5°C 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


13.120 

Saturated liquid butane enters an insulated constant pressure combustion chamber 
at 25°C, and x times theoretical oxygen gas enters at the same P and T. The combustion 
products exit at 3400 K. With complete combustion find x. What is the pressure at the 
chamber exit? and what is the irreversibility of the process? 


Butane: Tj = T 0 = 25°C, sat liq., x^ = 0, T c = 425.2 K, P c = 3.8 MPa 

Do the properties from the generalized charts 

Fig. D.l: T rl = 0.7, P rl = 0.1, Pj = P rl P c = 380 kPa 

Figs. D. 2 and D. 3: (h 1 - hj f = 4.85 RT C , (kj - s' j)f = 6.8 R 

Oxygen: T 0 = T 0 = 25°C, X - Theoretical O2 
Products: T^ = 3400 K, Assumes complete combustion 

C 4 H 10 + 6.5X 0 9 -> 4C0^ + 5H^0 + 6.5(X-1)0 2 
Energy Eq.: Q cv + H R = H P + W cv ; Q cv = 0, W cv = 0 

H r = n(hf + Ah) C4H10 = 1(- 126 200 + -17 146) = -143 346 kJ 


Products: 


C0 2 n(h° + Ah) C02 = 4(-393 522 + 177 836) = -862 744 kJ 
H 9 0 n(h° + Ah) H2Q = 5(-241 826 + 149 073) = -463 765 kJ 
O, n(hf + Ah) 02 = 6.5(X-1)(0 + 114 101) = (X- 1)741 657 kJ 
H P = ^nj (h° + Ah)j = 741 657X - 2 068 166 


Energy Eq.: H P = H R solve for X; X = 2.594 

Assume that the exit pressure equals the inlet pressure: P e = Pj = 380 kPa 

( s i ■ s i)f] ; s o 2 = 


[s°-Rln^] 


O 


SC 4 H 10 


= [s° -Rln^- 


Sr = S C 4H10 + S02 = [306.647 - 1 1.10 - 56.539] 

+ [205.48 - 11.10] x 6.5 x 2.594 = 3516.45 kJ/K 
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Products: 

n i 

C0 2 4 

H 2 0 5 

0 2 10.368 

S P = £ ^S. = 5784.87 kJ/K; 

I = T 0 (S P - S R ) = 298.15 (5784.87 - 3516.45) = 676 329 kj 


yi 

_0 

- Yi P e 

s kJ 

i kmol K 

s i 

- R In P 
r 0 

0.2065 

341.988 

2.016 

344.004 

0.2582 

293.550 

0.158 

293.708 

0.5353 

289.499 

-5.904 

283.595 
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13.121 


Liquid hexane enters a combustion chamber at 31°C, 200 kPa, at the rate 1 kmol/s 
200% theoretical air enters separately at 500 K, 200 kPa, and the combustion 
products exit at 1000 K, 200 kPa. The specific heat of ideal gas hexane is C p = 

143 kJ/kmol K. Calculate the rate of irreversibility of the process. 

Hexane: T c = 507.5 K, P c = 3010 kPa 

T rl = 0.6, Fig. D.l: P rg = 0.028, P gl = P rl P c = 84.47 kPa 

^ ^ 

Figs D. 2 and D. 3: (hj - hj) f = 5.16 RT C , ("Sj - kj) f = 8.56 R 

Air: T2 = 500 K, P2 = 200 kPa, 200% theoretical air 
Products: T3 = 1000 K, P3 = 200 kPa 


-o -* - 


— * — * — * — 


a ) h C6H14 = h f - (hj - hi) f + (hj - h Q ) + (h 0 - h 0 ) 

h Q - h 0 = 0 , hj - h Q = C P (T^ - T 0 ) = 858 kJ/kmol, h p = -167300 kJ/kmol 


— * _ 


hj - hj = 5.16 x 8.3145 x 507.5 = 21773 kJ/kmol, h C6H14 = -188215 kJ/kmol 


_° — Ti — Pi 

S C6H14 = s T + C P In - R In p- + (s j - s j) 

u L 0 1 O 

T P 

s T + Cp In f - R In f = 387.979 + 2.85 - 5.763 = 385.066 kJ/kmol-K 

0 * O 

s j - s ! = 8.56x8.3145 = 71.172 kJ/kmol-K, kc6H14 = 313.894 kJ/kmol-K 
b) C 6 H 14 + 190 2 + 71.44N 2 6C0 2 + 7H 2 0 + 9.50 2 + 71.44N 2 

T 3 

T c prod = y yi T ci = 179.3 K, T r3 = ^ = 5.58 Ideal Gas 


c prod 


c) 1 st Law: Q + H R = H P + W; W = 0 => Q = H P - H 


R 


Hr - (h)c6H14 + 19Ah 02 + 71.44 Ah N2 

= -188 215 + 19 6086 + 71.44 5911 = 349701 kJ/kmol fuel 

H P = 6(h f + Ah) C0 2 = 7(h f + Ah) H20 + 9.5 (h f + Ah) 0 2 + 71.44(h f + Ah) N2 
C0 2 - (h° + Ah) = (-393522 + 33397) = -360125 kJ/kmol 

H 2 0 - (h° + Ah) = (-241826 + 26000) = -215826 kJ/kmol 
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0 2 - (h° + Ah) = (0 + 22703) = 22703 kJ/kmol 

N 2 - (h° + Ah) = (0 + 21463) = 21463 kJ/kmol 


H P = -1 922 537 kJ; Q = -2 272 238 kW 


d) I = T 0 n (S P - S R ) - Q; T 0 = 25°C 

/x . o - Y02 P 2 o - yN2P2 

S R = ( s )c6H14 + 19 (s 500 - Rln p ) 02 +71.44(s 500 - Rln p 

r 0 r 0 

00c6H14 = 313.894 kJ/kmol K, (s5qo)c>2 = 220.693 kJ/kmol K 
(^ 50 o)n 2 = 206.740 kJ/kmol K, y O2 = 0.21, y N2 = 0.79 


S R = 19141.9 kW/K 
Products: 



n i 

yi 

O 

s i 

— yi p e 

-Rln p 

r o 

S. 

1 

(kJ/kmol-K) 

co 2 

6 

0.0639 

269.299 

17.105 

286.404 

h 2 0 

7 

0.0745 

232.739 

15.829 

248.568 

0 2 

9.5 

0.1011 

243.579 

13.291 

256.87 

N 2 

71.44 

0.7605 

228.171 

-3.487 

224.684 


Sp = ^njSi = 21950.1 kJ/K; 
i = T 0 n (S P - S R ) - Q = 3 109 628 kW 
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Fuel Cells 
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13.122 

In Example 13.15, a basic hydrogen-oxygen fuel cell reaction was analyzed at 
25°C, 100 kPa. Repeat this calculation, assuming that the fuel cell operates on air at 
25°C, 100 kPa, instead of on pure oxygen at this state. 


Anode: 2 -> 4 e' + 4 H + 

Cathode: 4 H + + 4 e' -> 1 0 2 + 2 H 2 0 
Overall: 2 H 2 + 1 0 2 -> 2 H 9 0 
Example 13.16: AG 950C = -474 283 kJ (for pure 0 7 ) 

For P Q9 = 0.21 x 0.1 MPa: 


JC = 205.148 -8.3145 In 0.21 =218.124 kJ/kmol 

02 


AS = 2(69.950) - 2(130.678) - 1(218.124) = -339.58 kJ/kmol K 
AG 250C = -571 660 - 298. 15(-339.58) = -470 414 kJ/kmol 



470414 
96487 x 4 


= 1.219 V 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


13.123 

Assume that the basic hydrogen-oxygen fuel cell operates at 600 K instead of 298 
K as in example 13.15. Find the change in the Gibbs function and the reversible EMF it 
can generate. 


Reaction: 2 Fb + 0 2 => 2 FGO 

At a temperature of 600 K the water formed is in a vapor state. We can thus find 
the change in the enthalpy as 

AH 600 k = 2 (hf + Ah) H20 g - 2 (h f + Ah) H2 - (h f 

= 2(-241 826 + 10 499) - 2(0 + 8799) - 0 
= -489 497 kJ/4 kmol e- 

0 —O — O — o 

AJ >600 K = 2 s f H20 g “ 2 s f H2 - s f 02 

= 2 x 213.051 - 2 x 151.078 - 226.45 

= -102.504 kJ/4 kmol e- K 

AgL k = Ah" 00 k - TASsoo K = -489 497 - 600(-102.504) 

= - 427 995 kJ/4 kmol e- 


+ A h ) 02 
-9245 


W rev = -AG U = 427 995 kJ/4 kmol e- 


(0 


£° = 


-AG 


o 


427 995 


96485 x 8 “ 96 485 x 4 


= 1.109 v 
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13.124 

A reversible fuel cell operating with hydrogen and pure oxygen produces water at 
the reference conditions P 0 , T 0 ; this is described in Example 13.15. Find the work 

output and any heat transfer, both per kmol of hydrogen. Assume an actual fuel 
cell operates with a second-law efficiency of 70%, and enough heat transfer takes 
place to keep it at 25 °C. How much heat transfer is that per kmol of hydrogen? 

The basic fuel cell analysis from Example 13.15. 

Reaction: 2 Ho + O 2 => 2 HoO 

W rev = - AG = 474 283 kJ/2 kmol = 237 142 kj/kmol 
This assumed equilibrium with the surroundings so the heat transfer must be 

Q = T 0 (S P - S R ) = 298.15 (-326.6 / 2) = -48 688 kj/kmol 

that is the heat transfer goes out. 

A 70% 2 nd law efficiency must mean the actual work is 

W = 0.7 W rev = 165 999 kj/kmol 
From the energy equation we get 

Q = H P - H R + W = (-571 660/2) + 165 999 = - 119 831 kj/kmol 

All this heat transfer means that the fuel cell will have a hard time staying at the 
room temperature it would tend to be warmer. 
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13.125 

Consider a methane-oxygen fuel cell in which the reaction at the anode is 

CH 4 + 2H 2 0 -> C0 2 + 8 e' + 8 H + 

The electrons produced by the reaction flow through the external load, and the 
positive ions migrate through the electrolyte to the cathode, where the reaction is 

8 e + 8 H + + 2 0 2 -> 4 H 2 0 

Calculate the reversible work and the reversible EMF for the fuel cell operating at 
25 °C, 100 kPa. 

CH 4 + 2H^O -> C0 2 + 8 e' + 8 H + 
and 8 e‘ + 8 H + + 2C0 2 ^ 4H 2 0 
Overall CH 4 + 20 2 -> C0 2 + 2H 9 0 
a) 25 °C assume all liquid H 9 0 and all comp, at 100 kPa 

AH ? 5 c = -393 522 + 2(-285 830) - (-74 873) - 0 = -890 309 kJ 

AS 25 c = 213.795 + 2(69.950) - 186.251 - 2(205.148) = - 242.852 kJ/K 

AG 25 c = -890 309 - 298.15(-242.852) = - 817 903 kJ 

W rev = -AG° = +817903 kJ 

-AG° _ +817903 _ 

“ 96485 x 8 “ 96485 x 8 
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13.126 

Consider a methane-oxygen fuel cell in which the reaction at the anode is 

CH 4 + 2H 2 0 -> C0 2 + 8e" + 8H + 

The electrons produced by the reaction flow through the external load, and the 
positive ions migrate through the electrolyte to the cathode, where the reaction is 

8 e' + 8 H + + 2 0 2 -> 4 H 2 0 

Assume that the fuel cell operates at 1200 K instead of at room temperature. 


CH 4 + 2H^O -> C0 2 + 8e' + 8H + 


and 8e" + 8H + + 2C0 2 — » 4H 9 0 
Overall CH 4 + 20 2 -> C0 2 + 2H^O 
At 1200 K assume all gas TL,0 and all comp, at 100 kPa 

AH^oo K = l(-393522 + 44473) + 2(-241826 + 34506) - 2(0 + 29761) 
- 1 [-74873 + 16.043 x 2.254(1200 - 298.2)] = -780 948 kJ 
AS?200K = 1(279.390) + 2(240.485) 


- 1(186.251 + 16.043 x 2.254 In - 2(250.011) 

= 23.7397 kJ/K 

AG? 200 k = AH? 200 k - TAS? 200 k = -780 948 - 1200(23.7397) 

= -809 436 kJ 


W rev = +809 436 kJ 



+809 436 
96 485 x 8 


= 1.049 V 
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13.127 

For a PEC fuel cell operating at 350 K the constants in Eq. 13.29 are: ii ea k = 

0.01, iL = 2, i G = 0.013 all A/cm 2 , b = 0.08 V, c = 0.1 V, ASR = 0.01 Q cm 2 and 

EMF = 1.22 V. Find the voltage and the power density for the current density i 

= 0.25,0.75 and 1.0 A/cm 2 . 

The fuel cell output voltage is from Eq. 13.29: 

1 + l]eak It 

V = EMF-bl„(-— )-iASR ohmic -cl „(— p 

i = 0.25: V = 1.22 - 0.23966 - 0.0025 - 0.01393 = 0.9639 V, 

p = Vi = 0.241 W/cm 2 

i = 0.75: V = 1.22 - 0.32547 - 0.0075 - 0.0478 = 0.8392 V, 

p = Vi = 0.6294 W/cm 2 

i = 1.0: V = 1.22 - 0.34822 - 0.01 - 0.0703 = 0.7915 V, 

p = Vi = 0.7915 W/cm 2 
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13.128 

Assume the PEC fuel cell in the previous problem. How large an area does the 

2 

fuel cell have to deliver 1 kW with a current density of 1 A/ cm ? 


The fuel cell output voltage is from Eq. 13.29: 

1 + l]eak M 

V = EMF-bln(— ^)-iASR ohmic -cln( iL _ (i + . eak) ) 
i = 1.0: V = 1.22 - 0.34822 - 0.01 - 0.0703 = 0.7915 V, 


p = Vi = 0.7915 W/cm 


2 


Total power P = p A = 0.7915 W/cm 2 xA= 1000W 
A = (1000 / 0.7915) cm 2 = 1263 cm 2 
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13.129 

A SOC fuel cell at 900 K can be described by an EMF = 1.06 V and the constants 
in Eq. 13.29 as : b = 0 V, c = 0.1 V, ASR = 0.04 Q cm 2 , i leak = 0.01, i L = 2, i 0 = 0.13 all 

A/cnT". Find the voltage and the power density for the current density i = 0.25, 0.75 and 
1.0 A/cm 2 . 


The fuel cell output voltage is from Eq. 13.29: 

1 4- l]eak It 

V = EMF - b In ( ; ) - i ASR ohmic - c In ( — — - ) 


L 0 


i = 0.25: V = 1.06 - 0.0 - 0.01 - 0.01393 = 1.036 V, 

p = Vi = 0.259 W/cm 2 

i = 0.75: V = 1.06 - 0.0 - 0.03 - 0.0478 = 0.9822 V, 

p = Vi = 0.737 W/cm 2 

i = 1.0: V = 1.06 - 0.0 - 0.04 - 0.0703 = 0.95 V, 

p = Vi = 0.95 W/cm 2 
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13.130 

Assume the SOC fuel cell in the previous problem. How large an area does the 

2 

fuel cell have to deliver 1 kW with a current density of 1 A/ cm‘? 


The fuel cell output voltage is from Eq. 13.29: 

1 H - ly 

V = EMF - b In ( ; ) - i ASR ohmic - c In ( _ ( . + { ) 


L 0 


i = 1.0: V = 1 .06 - 0.0 - 0.04 - 0.0703 = 0.95 V, 

p = Vi = 0.95 W/cm 2 


Total power P = p A = 0.95 W/cm 2 xA= 1000W 
A = (1000 / 0.95) cm 2 = 1053 cm 2 
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13.131 

A PEC fuel cell operating at 25°C, generates 1.0 V that also account for losses. 
For a total power of 1 kW what is the hydrogen mass flow rate? 


The work term for the fuel cell is 
W = - AG 298 k 

MW 


so W = -n AG 


o 

298 K 


m = Mn = 


-AG 


o 

298 K 


2.016 kg/kmol x 1 kW 
0.5 x 474 283 kJ/kmol 


-6 


= 8.5 x 10 kg/s 


Since the actual output was 1 V rather than the ideal 1.229 V we then infer an 
efficiency of (1/1.229 = 0.814) so 

m ac = m / 0.814 = 10.45 x 10' 6 kg/s 
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13.132 

A basic hydrogen-oxygen fuel cell operates at 600 K instead of 298 K as in 
example 13.15. For a total power of 5 kW, find the hydrogen mass flow rate and 
the exergy in the exhaust flow. 


Reaction: 2 H 2 + 0 2 => 2 H 2 0 

At a temperature of 600 K the water formed is in a vapor state. We can thus find 
the change in the enthalpy as 

AH 600 k = 2 (h f + Ah) H2 o g - 2 (h f + Ah) H2 - (h f + Ah) 02 

= 2(-241 826 + 10 499) - 2(0 + 8799) - 0 - 9245 
= -489 497 kJ/4 kmol e- 

0 -O — O — o 

AJ >600 K = 2 s f H20 g - 2 s f H2 - s f 02 

= 2 x 213.051 - 2 x 151.078 - 226.45 
= -102.504 kJ/4 kmol e- K 

AgL k = AH" 00 k - TASsoo K = -489 497 - 600(-102.504) 

= - 427 995 kJ/4 kmol e- 


W rev = -AG° = 427 995 kJ/4 kmol e- 
This was for 2 kmol hydrogen 


. . ,. MW 

m = Mn = 5 

-AG 600 k 


2.016 kg/kmol x 5 kW _ -« 

0.5 x 427 995 kj/kmol 4A1 1U kg/ 


The exhaust flow is water vapor at 600 K, 100 kPa so use Table B.l 
m\|/ = m [(h - h 0 - T 0 (s - s 0 )] 

= 47.1 x 10 ' 6 [3129- 104.87-298.15 (8.3037-0.3673)] 

= 0.031 kW 
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13.133 

Consider the fuel cell with methane in Problem 13.125. Find the work output and 
any heat transfer, both per kmol of methane. Assume an actual fuel cell operates 
with a second-law efficiency of 75%, and enough heat transfer takes place to keep 
it at 25 °C. How much heat transfer is that per kmol of methane? 

CH 4 + 2H 9 0 -> C0 2 + 8e' + 8H + 
and 8e + 8H + + 2C0 2 -+ 4U,0 

Overall reaction: CH 4 + 20 9 — » CO ? + 2H 9 0 

T = 25 °C = 298 K, assume all liquid H ? 0 and all comp, at 100 kPa 

AH? 5 c = -393 522 + 2(-285 830) - (-74 873) - 0 = -890 309 kJ/kmol 
AS25 c = 213.795 + 2(69.950) - 186.251 - 2(205.148) = - 242.852 kJ/K 
AG25 c = -890 309 - 298.15(-242.852) = - 817 903 kJ/kmol 
W rev = -AG° = +817 903 kJ/kmol 

This assumed equilibrium with the surroundings so the heat transfer must be 
Q = T 0 (S P - S R ) = 298.15 (-242.852) = -72 406 kJ/kmol 

A 75% 2 nd law efficiency must mean the actual work is 

W = 0.75 W rev = 613 427 kJ/kmol 
From the energy equation we get 

Q = H P - H R + W = (-890 309) + 613 427 = - 276 881 kJ/kmol 

All this heat transfer means that the fuel cell will have a hard time staying at the 
room temperature it would tend to be warmer. 
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Combustion applications and efficiency 
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13.134 

For the combustion of methane 150% theoretical air is used at 25°C, 100 kPa and 
relative humidity of 70%. Find the composition and dew point of the products. 


The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) 2 H 2 0 + 1 C0 2 + 3.76 v Q9 N 2 

C balance: v C02 = 1 , H balance: 2v H?Q = 4 , N 2 balance: v N9 = 3.76 v Q2 
O balance: 2 v Q2 = v H2Q + 2v CQ2 = 2 + 2 x 1 => v Q2 = 2 

150% theoretical air: v Q9 = 1.5 x 2 = 3 so now more 0 2 and N 2 

CH 4 + 3 (0 2 + 3.76 N 2 ) 2 H 2 0 + 1 C0 2 + 11.28 N 2 + 1 0 2 


Add water to the dry air from Eq. 1 1.28 


w = 0.622 


Ptot ^P; 


= 0.622 


0.7 x 3.169 
100-0.7 x 3.169 


= 0.0141 


So the number of moles to add is from Eq. 13.32 
x = 7.655 w = 7.655 x 0.0141 = 0.108 


and the added number of moles is v Q9 x = 0.324, the products are then 


Products: 2.324 H 2 0 + 1 C0 2 + 1 1.28 N 2 + 1 0 2 


The water partial pressure becomes 


2.324 

Pv-Yv P tot - 2.324 + 1 + 11.28 + 1 
T dew = 53.8°C 


100 = 14.894 kPa 
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13.135 


Pentane is burned with 120% theoretical air in a constant pressure process at 100 
kPa. The products are cooled to ambient temperature, 20°C. How much mass of 
water is condensed per kilogram of fuel? Repeat the answer, assuming that the air 
used in the combustion has a relative humidity of 90%. 


C 5 H 12 + 1.2 x 8 (0 2 + 3.76 N 2 ) -a 5 C0 2 + 6 H 2 0 + 0.96 0 2 + 36.1 N 2 

Products cooled to 20°C, 100 kPa, so for H 2 0 at 20°C: P g = 2.339 kPa 

_ p /p _ 2.339 _ n H2Q MAX 
y H 20MAX-iy p - 100 -n„ 20MAX + 42.06 

Therefore, n H20VAp = 1.007, n H20 LI q 


n H20 MAX - 1 -002 < n H2Q 

= 6- 1.007 = 4.993 


4.993 x 18.015 


m, 


‘H20 LIQ 72.151 
P vl =0.9 x 2.339 = 2.105 kPa 


= 1.247 kg/kg fuel 


2.105 

Wj = 0.622 x = 0.013375 


Water from moist air, Eq. 13.32 

28.97 

n H20 in = 0.013375 x x 9.6 (1 + 3.76) = 0.983 kmol 


n H20 out = 0.983 + 6 = 6.983 => n H20LI Q = 6.983 - 1.007 = 5.976 kmol 
5.976 x 18.015 


m 


H20 LIQ 


72.151 


= 1.492 kg/kg fuel 
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13.136 

A gas turbine burns methane with 150% theoretical air. Assume the air is 25°C, 
100 kPa and relative humidity of 80%. How large a fraction of the product mixture water 
comes from the moist inlet air? 


The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + 3.76 v Q9 N 2 
C balance: v C02 = 1 , H balance: 2v H?Q = 4 , N 2 balance: v N9 = 3.76 v Q2 
O balance: 2 v Q2 = v H2Q + 2v C02 = 2 + 2 x 1 => v Q2 = 2 

150% theoretical air: v Q9 = 1.5 x 2 = 3 so now more 0 2 and N 2 

CH 4 + 3 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + 11.28 N 2 + 1 0 2 


Add water to the dry air from Eq. 1 1.28-29 

<^P a 0.7 x 3.169 


w = 0.622 


Ptot ' ^P; 


= 0.622 


100-0.7 x 3.169 


= 0.0141 


So the number of moles to add is from Eq. 13.32 
x = 7.655 w = 7.655 x 0.0141 = 0.108 


and the added number of moles is v (p x = 0.324, the products are then 


Products: 2.324 H 2 0 + 1 C0 2 + 11.28 N 2 + 1 0 2 


Fraction of water is 0.324/2.324 = 0.1394 so 13 . 9 % 
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13.137 

In an engine a mixture of liquid octane and ethanol, mole ratio 9:1, and 
stoichiometric air are taken in at 7 q, P {) . In the engine the enthalpy of combustion is used 

so that 30% goes out as work, 30% goes out as heat loss and the rest goes out the exhaust. 
Find the work and heat transfer per kilogram of fuel mixture and also the exhaust 
temperature. 

0.9 C 8 H 18 + 0.1 C 2 H 5 OH + 1 1.55 O, + 43.428 N 2 

-+ 8.4 FF,0 + 7.4 C0 2 + 43.428 N 9 
For 0.9 octane + 0.1 ethanol, convert to mole basis 

o ° o 

Hrp mix = 0.9 Hrp c 8 h 18 + 0.1 Hrp c 2 h 5 oh 

= 0.9 (-44 425) x 114.232 + 0.1 (-26 811)x 46.069 

kl 

= -4 690 797 ^ 


Kl . = 0.9 lOl + 0.1 A = 107.414 

mix oct ale 

_ ° _ _ o 

Energy: h iri + q. = h + co = h PX + Ah + co 

° J 111 1 in ex ex eA ex ex 

_°_°_° _ _ o 

hex ” hm — Hrp m j x => ® ex + “ C|- n — "Hrp m j x 

“«X= = 0-3(-Hrp)= 1 407 239 j£s = 13 101 ^ 

A V<,d = A i>ex = 0' 4 (-H rp ) = 1 876 319 
Ah , = 8.4 Ah u ^ + 7.4Ah„ + 43.428 Ah KT 

prod H 2 O CO 2 N 2 

Ah , = 8.4x 38 941 + 7.4x 50 148 + 43.428x 31 503 = 2 066 312 

prod 1300 

Ah , = 8.4x 34 506 + 7.4x 44 473 + 43.428x 28 109 = 1 839 668 

prod 1200 

Linear interpolation to get the value of Ah prod = 1 876 319 
=> satisfied for T = 1216 K 
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13.138 

The gas turbine cycle in problem 10.28 has a q H = 1 160 kJ/kg air added by 
combustion. Assume the fuel is methane gas and the q H equals the heating value at T 0 . 
Find the A/F ratio on a mass basis. 


The heating value and the q H are scaled with the fuel mass and total mixture mass 
respectively so the relation is, see Eq. 13.34, 


HV HV 

“to = /m .„, = a/fTT = 1 1 60 kJ/k S‘ mk 


Tnix 7 AA1 fuel 

HV SIM 

q H 1160 

Comment: This is about 300% theoretical air. 


1 = 43.11 
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13.139 

An oven heated by natural gas burners has the combustion take place inside a U- 
shaped steel pipe, so the heating is done from the outside surface of the pipe by 
radiation. Each burner delivers 15 kW of radiation, burning 110% theoretical air 
with methane. The products leave the pipe at 800 K. Find the flow(kg/s) of 
methane. The burner is now switched to oxygen-enriched air (30% O 2 and 70% 

N 2 ), so assume the same conditions as before with the same exit T. Find the new 
flow (kg/s) of methane needed. 

The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + c N 2 

O balance: 2 v Q2 = 2 + 2 => v Q9 = 2 

1 10% theoretical air: v Q9 = 1.1x2 = 2.2 so now more 0 2 and N 2 

CH 4 + 2.2 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + 8.272 N 2 + 0.2 0 2 
Energy Eq. assume reactant enter at reference T: 

Q CV = H p - H r = H P + AH p - H r = H rp + AH p 

AH d = 2 AiL._ + Ah__ + 8.272 Ah M + 0.2 Ah M 

P H 20 CO2 N2 O2 

= 2 xl8002 + 22806 + 8.272 xl5046 + 0.2 xl5836 = 186 438 kJ/kmol 

H rp = 16.043 x (-50 010) = - 802 310 kJ/kmol 
Q cv = - 802 310 + 186 438 = - 615 872 kJ/kmol, 

m = M Q cv /-Q cv = 16.043 xl5 /615 872 kg/s = 0.00039 kg/s 

The new “air” just changes the nitrogen to oxygen ratio to 70/30 = 2.333 so the 
actual reaction is changed to: 

CH 4 + 2.2 (0 2 + 2.333 N 2 ) -> 2 H 2 0 + 1 C0 2 + 5.1333 N 2 + 0.2 0 2 
AH d = 2 Ah uori + Ah + 5.1333 Ah M + 0.2 Ah,, 

P H 20 CO2 N2 O2 

= 2 xl8002 + 22806 + 5.1333 xl5046 + 0.2 xl5836 = 139 213 kJ/kmol 
Q cv = - 802 310 + 139 213 = - 663 097 kJ/kmol, 

m = M Q cv /-Q cv = 16.043 xl5 /663 097 kg/s = 0.00036 kg/s 
This is an 8% reduction in the fuel flow rate. 
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13.140 

A slight disadvantage of the oxygen-enriched air for combustion is an increase in 
flame temperature, which tends to increase NOx. Find the flame temperature for 
the previous problem for both cases, standard air and oxygen-enriched air. 

Energy Eq. assume reactant enter at reference T: 

0 = H p - H r = H P + AH p - H r = H rp + AH p 

AH p = -H rp = HV = 16.043 x (50 010) = 802 310 kJ/kmol 
Reaction std. air: 

CH 4 + 2.2 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + 8.272 N 2 + 0.2 0 2 
AH d = 2 Ah uori + Ah„„ + 8.272 Ah M + 0.2 Ah M 

P H20 CO 2 N 2 O 2 

The heating value should be spread over 1 1 .47 moles of products which is about 
70 000 each so look in A. 9 for oxygen or nitrogen T = 2200 - 2400 K. 

AH p 2200 K = 2 x83153 + 103562 + 8.272 x63362 + 0.2 x66770 = 807 352 

AH p 2000 K = 2 x72788 + 91 439 + 8 - 272 x56137 + 0.2 x59176 = 713 215 

Interpolate T = 2189 K 
Reaction std. air: 

CH 4 + 2.2 (0 2 + 2.333 N 2 ) -> 2 H 2 0 + 1 C0 2 + 5. 1333 N 2 + 0.2 0 2 
AH D = 2 Ah + Ah + 5.1333 Ah M + 0.2 Ah,, 

P H20 CO 2 N 2 O 2 

The heating value should be spread over 8.333 moles of products which is about 
96 000 each so look in A. 9 for oxygen or nitrogen T ~ 3000 K. 

AH p 30Q0K = 2 xl26 548 + 152 853 + 5.1333 x 92715 + 0.2 x 98 013 = 901 485 
AH D = 2 xll5 463 + 140 435 + 5.1333 x 85 323 + 0.2 x 90 080 = 827 366 

P ZoUUja. 

AH p , 60QK = 2 xl04 520 + 128 074 + 5.1333 x 77 963 + 0.2 x 82 225 = 753 766 
Interpolate T = 2732 K a significant higher flame temperature. 
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A gas turbine burns methane with 200% theoretical air. The air and fuel comes in through 
two separate compressors bringing them from 100 kPa, 298 K to 1400 kPa and enters a 
mixing chamber and combustion chamber. What are the specific compressor work and 
q H to be used in Brayton cycle calculation? Use constant specific heat to solve. 


The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -+ 2H 2 0 + 1C0 2 + cN 2 
O balance: 2 v Q2 = 2 + 2 => v Q9 = 2 

200% theoretical air: v Q1 = 2x2 = 4 so now more 0 2 and N 2 

CH 4 + 4 (0 2 + 3.76 N 2 ) -+ 2 H 2 0 + 1 C0 2 + 15.04 N 2 + 2 0 2 

For 1 kmol fuel: m = 16.043 + 4 x 4.76 x 28.97 

= 16.043 + 551.59 = 567.63 kg reactants 
The temperatures after compression are: 

T 2air = T i ( p 2 /p i) =298.15 x 14 = 633.7 K (k = 1.4) 

. x (k-l)/k 0.230177 

T 2 fuel = T, (p 2 /p 1 ) = 298.15 X 14 = 547.3 K (k = 1.299) 

Weak = C p (T 2 - Tj) = 1.004(633.7 - 298.15) = 336.89 kJ/kg air 
w c fuel = C p (T 2 - T t ) = 2.254(547.3 - 298.15) = 561.68 kJ/kg fuel 


m 


fuel 


m 


w 


C total- m w c f U ei m « c an - 567.63 ' 567.63 

= 343.24 kJ/kg mix 

o 

q = -H rp = HV but scaled to be per kg reactants 

50 010 x 16.043 ^^ 1T/1 / HV N 

q - 567.63 _ 1413.4 kJ/kg ( - A/F + j ) 


+ 


air 16.04 n 551.59 

W„ = T777T7T 561.58 + T777T7T 336.89 
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13.142 

Find the equivalent heat transfer q H to be used in a cycle calculation for constant 

pressure combustion when the fuel is (a) methane and (b) gaseous octane in both cases 
use water vapor in the products and a stoichiometric mixture. 

Methane combustion becomes 

CH 4 + v 0 2 (0 2 + 3.76 N 2 ) -+ 1 C0 9 + 2 H 9 0 + 7.52 N 2 
Oxygen balance: 2v Q 2 = 2 + 2 = 4 => v 0 2 = 2, v N2 = 7.52 


2 x 31.999 + 7.52 x 28.013 
A/F — j ^ — 17.12 — ni. ur /m [ue | 

HV HV 50 010 

q - m nilx /m fuel - A/F + 1 - 17.12 + 1 - 2760 kJ/kg 


Octane combustion, see reaction and A/F in Example 13.1, HV from Table 13.3 


HV 


HV 44 788 


q = : = T/tTTT = TTTT = 2799 kJ/kg 

m mix/' 11 fuel A/F + 1 15 + 1 s 
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13.143 

Consider the steady combustion of propane at 25 °C with air at 400 K. The 
products exit the combustion chamber at 1200 K. It may be assumed that the 
combustion efficiency is 90%, and that 95% of the carbon in the propane bums to 
form carbon dioxide; the remaining 5% forms carbon monoxide. Determine the 
ideal fuel-air ratio and the heat transfer from the combustion chamber. 


Ideal combustion process, assumed adiabatic, excess air to keep 1200 K out. 

C 3 H 8 + 5x0 2 + 18.8xN 2 -> 3C0 2 + 4H 2 0 + 5(x- 1)0 2 + 18.8xN 2 

H r = -103900 +5x(0 + 3027) + 18.8x(0 + 2971) = -103900 + 70990x 

H p = 3(-393522 + 44473) + 4(-241826 + 34506) 

+ 5(x - 1)(0 + 29761) + 18.8x(0 + 28109) = -2025232 + 677254x 
Energy Eq.: H p -H R = 0 Solving, x = 3.169 

FA ideal = 1/(23 ' 8 x 3 ' 169) = 001326 
FA actual = 0-01326/0.90 = 0.01473 
C,H + 14.26 O, + 53.62 N, 

-+ 2.85 CO, + 0.15 CO + 4 H,0 + 9.335 O, + 53.62 N 2 

H d = -103900 + 14.26(0 + 3027) + 53.62(0 + 2971) = +98 570 kJ 

H p = 2.85(-393522 + 44473) + 0.15(-1 10527 + 28427) + 4(-241826 + 34506) 

+ 9.335(0 + 29761) + 53.62(0 + 28109) = -51 361 kJ 
Q cv = Hp - H r = -149 931 kJ 
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13.144 

A gasoline engine is converted to run on propane. Assume the propane enters the 
engine at 25°C, at the rate 40 kg/h. Only 90% theoretical air enters at 25°C such that 90% 
of the C burns to form CO 2 , and 10% of the C burns to form CO. The combustion 

products also include hbO, Ho and N 2 , exit the exhaust at 1000 K. Heat loss from the 

engine (primarily to the cooling water) is 120 kW. What is the power output of the 
engine? What is the thermal efficiency? 

Propane: T 1 = 25°C, m = 40 kg/hr, M = 44.094 kg/kmol 

Air: T, = 25°C, 90% theoretical Air produces 90% CO,, 10% CO 
Products: T 3 = 1000 K, CO„ CO, H 2 0, H,, N, 

C 3 H 8 + 4.50, + 16.92N, -» 2.7 CO, + 0.3CO + 3.3H 2 0 + 0.7H, + 16.92N 2 
n C 3 H 8 = m/(Mx3600) = 0.000252 kmol/s 
Energy eq.: Q + H R = H p + W ; Q = -120kW 

H r = 11 ( 33 H 8 hf = "103 900 kj 
Products: 

CO, - n C 02 (h° + Ah) = 2.7(-393522 + 33397) = -972337.5 kJ 

CO - n co (h° + Ah) = 0.3(-l 10527 + 21686) = -26652 kj 

H,0 - n H 2 0 (h° + Ah) = 3.3(-241826 + 26000) = -712226 kj 

H, - n H2 (hf + Ah) = 0.7(0 + 20663) = 14464. 1 kj 

N, - n N2 (hf + Ah) = 16.92(0 + 21463) = 363154 kj 

H P = ^3 (hf + Ah)j = -1 333 598 kj 

W = Q + n(H R - H p ) = 189.9 kW 

C 3 H 8 : Table 13.3 H RPo = -50343 kJ/kg 

HHV = n C3H8 M(-H RPo ) = 559.4 kW 

r, th = W/HHV = 0.339 
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13.145 

A small air-cooled gasoline engine is tested, and the output is found to be 1.0 kW. 
The temperature of the products is measured to 600 K. The products are analyzed 
on a dry volumetric basis, with the result: 11.4% CO 2 , 2.9% CO, 1.6% O 2 and 

84.1% N 2 . The fuel may be considered to be liquid octane. The fuel and air enter 

the engine at 25 °C, and the flow rate of fuel to the engine is 1.5 x 10‘ 4 kg/s. 
Determine the rate of heat transfer from the engine and its thermal efficiency. 

aC g H 18 +b0 9 + 3.76b N 2 

-+ 11.4C0 2 + 2.9C0 + cH 9 0+ 1.60 0 + 84.1N 2 
84.1 1 

b = j^ = 22.37, a = g(11.4 + 2.9) = 1.788 

c = 9a = 16.088 
C 8 H 18+ 12.5 0 2 + 47.1 N 2 

-> 6.38 C0 2 + 1.62 CO + 9 H,0 + 0.89 0 2 + 47.1 N 2 

H r = hf cgHig = -250 105 kJ/kmol 

H p = 6.38(-393 522 + 15 788) + 1.62(-1 10527 + 10 781) 

+ 9(-241 826 + 12 700) + 0.89(0 + 11187) 

+ 47.1(0+ 10712) = -4 119 174 kJ/kmol 

H p - H R = -4 1 19 174 - (-250 105) = -3 869 069 kJ/kmol 

H p - H R = (0.00015/1 14.23)(-3 869 069) = -5.081 kW (M fud = 114.23) 

Q cv = -5.081 + 1.0 = -4.081 kW 
Fuel heating value from table 13.3 

Q H = mHV = 0.00015 (47 893) = 7.184 kW 
1 1th = W net /Qh =L0/7 - 184 = 0 - 139 
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A gasoline engine uses liquid octane and air, both supplied at Pq, Tq, in a 
stoichiometric ratio. The products (complete combustion) flow out of the exhaust valve at 
1 100 K. Assume that the heat loss carried away by the cooling water, at 100°C, is equal 
to the work output. Find the efficiency of the engine expressed as (work/lower heating 
value) and the second law efficiency. 


C 8 H is + %(°2 + 3 ' 76 N 2 ) -> 8 C0 2 + 9 H 2 0 + 47 N 2 
2 v q 2 = 16 + 9 => v Q2 = 12.5 


kT kl 

LHV = 44 425 =■ LHV = 5.07476x 10 6 

AH p noo = 8 x 38885 + 9 x 30190 + 47 x 24760 = 1746510 

C.V. Total engine 

H. =H +W + Q, = H + 2 W 

in ex ^loss ex 


=4> 2 W = H. -H = H - H = -Hop + AH - 

in ex R v R 

= 5.07476xl0 6 + 0 - 1746510 


AU 

P 1100 

= 3328250 


£ kT 

W= 1.664xl0 6 i ^ nsr 

W 1.664xl0 6 
^th _ LHV _ 5.07476xl0 6 


0.328 


Find entropies in and out: 
inlet: 

S ° = 360.575 

Fu 

S° =205.148 - 8.3145 In j^7 = 218.12 
O 2 4.76 

3 76 

S° = 191.609 - 8.3145 in 193.57 
N 2 4.76 

S.° = 360.575 + 12.5 x 218.12 + 47 x 193.57 = 12185 

in 

exit: S ° = 275.528 - 8.3145 In Jr = 292.82 

CO 2 64 

S ° = 236.732 - 8.3145 in 253.04 
H 2 O 64 
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S° = 231.314- 8.1345 In 77 = 233.88 
n 2 64 

S e ° x = 8 x 292.82 + 9 x 253.04 + 47 x 233.88 = 15612 


Assume the same Q loss out to 100°C reservoir in the reversible case and 

^ reV 

compute Q 0 : 


rev 


Sin + Qo /T 0 - S ex + Qloss/T 


res 


rev 


res 


Qo “ ToV^ex " Sj J + Qloss T o/Ti 

= 298.15(15612 - 12185) + 1.664xl0 6 x 298.15/373.15 

= 2-351xl0 6 dn- I 


rev 


H. + Q n ~ = H + W rev + Q. 

in ex ^loss 


rev 


rev 


, kl 

w“” = H in - H„ - Q loss + Qo" = W ac + Q 0 - = 4.015X10 6 55155 
Tin = w ac / W rev =1.664x10 6 /4.015x10 6 = 0.414 
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13.147 


Repeat Problem 13.26 for a certain Utah coal that contains, according to the coal 
analysis, 68.2% C, 4.8% H, 15.7% O on a mass basis. The exiting product gas contains 
30.9% CO, 26.7% H 2 , 15.9% C0 2 and 25.7% H 2 0 on a mole basis. 

Convert the mass concentrations to number of kmol per 100 kg coal: 

C: 68.2/12.01 =5.679 H 2 : 4.8/2.016 = 2.381 

0 2 : 15.7/32.00 = 0.491 

Now the combustion equation reads 

x(5.679 C + 2.381 H 2 + 0.491 0 2 ) + y H 2 0 + z 0 2 in 

30.9 CO + 26.7 H 2 + 15.9 C0 2 + 25.7 H 2 0 out 
in 100 kmol of mix out 

Now we can do the atom balance to find (x, y, z) 

C: 5.679x = 30.9 + 15.9 -> x = 8.241 

2.381 x 8.241 +y = 26.7 + 25.7 -> y = 32.778 


H 2 : 

0 2 : 


0.491 x 8.241 + 


32.778 


30.9 


+ z = 


+ 15.9 + 


25.7 


-> z = 23.765 

Therefore, for 100 kmol of mixture out, 
require: 824.1 kg of coal 

32.778 kmol of steam 
23.765 kmol of oxygen 
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13.148 

Many coals from the western United States have a high moisture content. 
Consider the following sample of Wyoming coal, for which the ultimate analysis on an 
as-received basis is, by mass: 

Component Moisture H C S N O Ash 
% mass 28.9 3.5 48.6 0.5 0.7 12.0 5.8 

This coal is burned in the steam generator of a large power plant with 
150% theoretical air. Determine the air-fuel ratio on a mass basis. 

Converting from mass analysis: 


Substance 

S 

H 2 

C 

°2 

N 2 

c/M = 

0.5/32 

3.5/2 

4.86/12 

12/32 

0.7/28 

kmol / 100 kg coal 

0.0156 

1.75 

4.05 

0.375 

0.025 

Product 

so 2 

h 2 o 

C°2 



oxygen required 

0.0156 

0.875 

4.05 

— 

— 


Combustion requires then oxygen as: 0.0156 + 0.875 + 4.05 = 4.9406 
The coal does include 0.375 so only 4.5656 0 9 from air/100 kg coal 

AF = 1.5 x (4.5656 + 4.5656 x 3.76) x 28.97/100 = 9.444 kg air/kg coal 
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13.149 

A fuel, C x H y , is burned with dry air and the product composition is measured on a 
dry mole basis to be: 9.6% C0 2 , 7.3% 0 2 and 83.1% N 2 . Find the fuel composition (x iy) 
and the percent theoretical air used. 


v c C X H V + v„ O, + 3.76v„ N- — > 9.6 CO,, + 7.3 O, + 83.1 N, + v„ „H.O 

Fu x y 0 2 2 0 2 2 2 2 2 H 2 0 2 

N, balance: 3.76v„ = 83.1=>v„ =22.101 

2 o 2 o 2 

O, balance: v„ = 9.6 + 7.3 + y v u „ v„ „ = 10.402 

2 O2 z H2O H2O 

H balance: v c y = 2 v„ „ = 20.804 

Fu J H2O 

C balance: x = 9.6 

Fu 

Fuel composition ratio = x/y = 9.6/20.804 = 0.461 

V o 2 AC 22.101 

Theoretical air = 100 = j 100 = 149.3% 

V 02 Stoich 9.6 + 4 x 29.804 
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13.150 

In an engine liquid octane and ethanol, mole ration 9:1, and stoichiometric air are 
taken in at 298 K, 100 kPa. After complete combustion, the products run out of the 

exhaust system where they are cooled to 10°C. Find the dew point of the products and the 
mass of water condensed per kilogram of fuel mixture. 


Reaction equation with 0.9 octane and 0.1 ethanol is 

0.9 C 8 H 18 + 0.1 C 2 H 5 OH + 1 1.55 0 2 + 43.428 N 2 


-> 8.4 Fk,0 + 7.4 C0 2 + 43.428 N, 


8.4 

y H 2 o “ 8.4 + 7.4 + 43.428 


= 0.1418 


P„ n = y H , = l 4 - 3 kPa 

H2O J H2O tot 


T, = 52.9 °C 

dew 


X 


10 °C =>P H20 - 1.2276 => y H2 o _ °- 012276 _ x + 7.4 + 43.428 


x = 0.6317 


_ _ __ kmol 

^ V H20~ ~ * kmol Fu mix 


M mix = Z y i M i = °- 9 x 1 14 - 23 + °- 1 x 46.069 = 107.414 

_kg 


-Av„ x 18.015 

H2O 


m 


H2O cond 


107.414 


= 1.303 


kg Fu mix 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


13.151 

Find the lower heating value for the fuel blend in problem 15.134 with a scaling 
as in Table 13.3 

Reaction equation with 0.9 octane and 0.1 ethanol is 

0.9 C 8 H 18 + 0.1 C 2 H 5 OH + 1 1.55 O, + 43.428 N 2 

-> 8.4 FF,0 + 7.4 C0 2 + 43.428 N, 

o 

We can solve several ways, use Table A. 10 to find H RP and do it on a mole basis 

and then divide with M for mixture or we can convert the mole fractions to mass fractions 
and use Table 13.3 values. Let us use Table 13.3. 

= 2>i M i = 0.9 x 1 14.23 + 0. 1 x 46.069 = 107.414 

0.1 x 46.069 

c ethanol = y M / M mix = ,07.4 14 = 0.042889, c octane = 0.957111 

LHV — C etPano | LHV ethano | + c octane LHV octane 

= 0.042889 (26 811) + 0.957111 (44 425) kJ/kg 

= 43 670 kJ/kg 
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13.152 


Determine the higher heating value of the sample Wyoming coal as specified in 
Problem 13.148. 

The higher heating value is for liquid water in the products. We need the 
composition of the products. 

Converting from mass analysis: 


Substance 

S 

H 2 

c 

°2 

N 2 

c/M = 

0.5/32 

3.5/2 

4.86/12 

12/32 

0.7/28 

kmol / 100 kg coal 

0.0156 

1.75 

4.05 

0.375 

0.025 

Product 

so 2 

h 2 o 

c ° 2 




So the combustion equation becomes (for 100 kg coal) 

Fuel + Air -> 1.75 H 2 0 + 4.05 C0 2 + 0.0156 SO, 

The formation enthalpies are from Table A. 10. Therefore, 

h RP0 = Hp - Hr = 4.05(-393 522) + 1.75(-285 830) + 0.0156(-296 842) 

= -2 098 597 kJ/100 kg coal 
So that HHV = +20 986 kj/kg coal 
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13.153 

Ethene, C2H4, and propane, C 3 H 8 , in a 1:1 mole ratio as gases are burned with 

120% theoretical air in a gas turbine. Fuel is added at 25°C, 1 MPa and the air comes 
from the atmosphere, 25 °C, 100 kPa through a compressor to 1 MPa and mixed with the 
fuel. The turbine work is such that the exit temperature is 800 K with an exit pressure of 
100 kPa. Find the mixture temperature before combustion, and also the work, assuming 
an adiabatic turbine. 

<|> = 1 : C 2 H 4 + C 3 H 8 + 8 0 2 + 30.08 N, -> 5 CO, + 6 H,0 + 30.08 N 2 

(j) = 1.2: C 2 H 4 + C 3 H 8 + 9.6 0 2 + 36.096 N 2 

-> 5 C0 2 + 6 H ? 0 + 1.6 0, + 36.096 N 2 

45.696 kmol air per 2 kmol fuel 
C.V. Compressor (air flow) 

Energy Eq.: w c = h ? - hj Entropy Eq.: s, = Sj =^> 

P = P x P ,/P, = 13.573 => T = 570.8 K 

T2 2 1 2 air 

w c = 576.44 - 298.34 = 278.1 kj/kg = 8056.6 kj/kmol air 
C.V. Mixing Chanber (no change in composition) 


n.h.. + n c ,h. . + n c ,h, . = (SAME) 

air air in Ful 1 in Fu2 2 m v 7 exit 

fc pp , +C p „Vt . - TA = 45.696 C p . (T 0 . -T \ 

v PF1 PF2/\ exit 0 J P airy 2 air exit / 

C,H : C p =43.43, C,H • C p = 74.06, C p .= 29.07 

2 4 PF1 3 8 P F2 Pair 



45.696C Pair T 2 + (43.43 + 74.06) T 0 


= 548.7 K 


43.43 +74.06 + 45.696 C Pair 
Dew Point Products: y TT „ = TTTTTTT^TF^Z = 0.1232 
P H n = y„ „P t t = 123.2 kPa => T . = 105.5°C 

H 2 O J H 2 O tot dew 

C.V. Turb. + combustor + mixer + compressor (no Q) 

W = H. - H = H n - EL onn (800°K out so no liquid H 2 O) 
net in out R P 800 v n ^ 


_° _ o 

— hfc 2 H4 + hfc 3 Hg " 5 " 6 - 1.6 - 36.096 

= 2 576 541 

kT 

W T = W net + W comp = 2 944 695 
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13.154 

Phenol C 6 H 5 OH (M = 94.11 kg/kmol, Cp = 1.7 kJ/kg-K) is used in a combustion process 
being burned with stoichiometric air. The reactants are supplied at 1.2 MPa, the air at T 0 
and the phenol as liquid at 100°C. Enough heat transfer Q p takes place after the 

combustion so the products reach 1500 K. After the heat transfer the products are sent 
through a turbine where they expand to 120 kPa. 

a) Find the heat transfer Q t [kJ/kmol fuel]. 

b) Find the enthalpy of formation of the fuel as vapor. 

c) Find the specific turbine work output W [kJ/kmol fuel] . 

First do the combustion equation for Phenol C 6 H 5 OH 

C 6 H 5 OH + v Go (0 2 + 3.76 N 2 ) -»• 6 C0 2 + 3 H 2 0 + 26.32 N 2 

O balance: 1 + 2v„ =6x2 + 3=15 => v„ = 7 

o 2 o 2 

N 9 balance: v M = 3.76 v„ = 3.76 x 7 = 26.32 

2 n 2 o 2 

o 

Energy Eq.: 0 = Q , + H R1 - H P2 = Qi - H RP + AH R1 - AH P2 

Table 13.3: H RP = 94.11 (-31 117) = -2 928 421 kJ/kmol, (fuel as liquid) 

AH R1 = M Cp (Tj - T 0 ) = 94.11 x 1.7 x (100 - 25) = 11 999 kJ/kmol 

Table A. 9: AH P2 = 6 Ah( 2 Q 2 + 3 Ahj_^20 26.32 Ahp ^2 

= 6x 61705 + 3 x 481549 + 26.32 x 38405 = 1 525 497 kJ/kmol 

Qj = H rp - AH R] + AH P2 = -2 928 421 - 1 1 999 + 1 525 497 
= - 1 414 923 kJ/kmol 

H rp = 94.11 (-31 774) = -2 990 251 = 6 hf C o? + 3 hJ H2 o - hf fue l 

O o o o 

hffuel = 3 hf h 2 o + 6 hf co? - H RP 

= 3 (-241 826) + 6(-393 522) - (-2 990 251) = -96 359 kJ/kmol 

For W T we need exit T and as product is mainly N? use air approximation (same k): 

k-1 

Constant C P , k: T 3 = T 2 (P 3 /P 2 ) k = 1500 (120/1200) °' 2857 = 776.95 K 

Variable C P ,k: P r3 = P r2 (P 3 /P 2 ) = 483.16/10 = 48.316 => T 3 = 850 K 

See Table A. 7. 2 for this or use the standard entropy for this calculation 

AH P3 = 6x 25418 + 3 x 19969.5 + 26.32 x 16634.5 = 650 237 kJ/kmol 

W = AH P2 - AH P3 = 1 525 497 - 650 237 = 875 260 kJ/kmol 
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13.155 

The phenol in Problem 13.154 is used in a gasturbine cycle where we need the heating 
value (or the negative of the enthalpy of combustion at the temperature after the 
compressor). 

a) What is the T after the compressor assuming a simple adiabatic compression 
from 100 kPa to 1.2 MPa? 

b) Find the H RP = H P - H R both at that T except phenol is liquid at 100°C? 
Assume the reactants are similar to air 

k-1 

Constant C P , k: T 2 = T 1 (P 2 /P 1 ) k = 298.15 (1200/100) °' 2857 = 606.4 K 

Variable C P , k: P r2 = P rl (P 2 /Pj) = 1.0907x 12 = 13.088 T 3 = 600 K 

See Table A. 7. 2 for this or use the standard entropy for this calculation 
First do the combustion equation for Phenol C 6 H 5 OH 

C 6 H 5 OH + v^ (0 2 + 3.76 N 2 ) -»■ 6 C0 2 + 3 H 2 0 + 26.32 N 2 

O balance: 1 + 2v„ =6x2 + 3=15 => v„ = 7 

o 2 o 2 

N 9 balance: v M = 3.76 v„ = 3.76 x 7 = 26.32 

2 n 2 o 2 

For enthalpy of fuel use C P ~ 1.7 kJ/kgK similar to other fuels 
AH r = Ah fuel + 7(Ah Q 2 + 3.76Ah N2 ) 

= 1.7 x 94.11 x (600 -298.15) + 7(9245 + 3.76x 8894) = 347 097 kJ/kmol 
AH P = 6 x 12906 + 3 x 10499 + 26.32 x 8894 = 343 023 kJ/kmol 

H rp = 94.11 (-31 774) = -2 990 251 

Gaseous fuel value at 298 K which is then a hypothetical state as the reference, so since 
the 600 K is higher than the 100°C then it does not matter. 

Now we get 

h rp = h rp + AH P - AH R = -2 990 25 1 + 343 023 - 347 097 
= -2 994 325 kJ/kmol 

o 

For a cycle calculation we would then use q H = H RP / [94. 1 1 x (1 + AF)] in kJ/kg mix 
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13.156 

Consider the gas mixture fed to the combustors in the integrated gasification 
combined cycle power plant, as described in Problem 13.30. If the adiabatic flame 
temperature should be limited to 1500 K, what percent theoretical air should be used in 
the combustors? 


Product 

ch 4 

O 

u 

<N 

X 

<N 

o 

u 

n 2 

h 2 o 

h 2 s nh 3 

% vol. 

0.3 

29.6 41.0 

10.0 

0.8 

17.0 

1.1 0.2 

Mixture may 

be saturated with water so 

the gases are 

( H 2 S and NH 3 out) 

ch 4 

H 2 

CO 

co 2 


N 2 

n 

0.3 

29.6 

41.0 

10.0 


0.8 

81.7 


y v max = v. 3 84/3000 = n v /(n v + 81.7) 

Solving, n v = 0.2 kmol, the rest is condensed 

{ 0.3 CH 4 + 29.6 H 2 + 41 .0 CO + 10.0 CO, + 0.8 N 9 

+ 0.2 H 9 0 + 35. 9x 0 9 + 3.76 x 35.9x N 9 
51.3 C0 9 + 30.4 H 9 0 + 35.9(x - 1) O z + (135.0x + 0.8) N 2 
For the fuel gas mixture at 40°C, 

nC pn • = 0.3 x 16.04 x 2.2537 + 29.6 x 2.016 x 14.2091 

ru mix 

+ 41.0 X 28.01 X 1.0413 + 10.0 x 44.01 x 0.8418 
+ 0.8 x 28.013 x 1.0416 + 0.2 x 18.015 x 1.8723 = 2455.157 

nhfmix = 0.3(-74873) + 29.6(0) + 41. 0(- 110527) 

+ 10.0(-393522) + 0.8(0) + 0.2(-241826) = -8537654 kJ 
H niix = -8 537 654 + 2455.157(40 - 25) = -8 500 827 kJ 


Assume air enters at 25°C: h. =0 

air 

Products at 1500 K: 


H p = 51.3(-393522 + 61705) + 30.4(-241826 + 48149) 


+ 35.9(x - 1)(0 + 40600) + (135x + 0.8)(0 + 38405) 
= -24 336 806 + 6 642 215x 
Energy Eq. : H p = H R = H mix 


+24336809 - 8500827 
6642215 


2.384 or 238 % theo. air 
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13.157 

Carbon monoxide, CO, is burned with 150% theoretical air and both gases are 
supplied at 150 kPa and 600 K. Find the heating value and the adiabatic flame 
temperature. 

C° + v Q2 (0 2 + 3.76 N,) — > C0 2 + v N 2 N 2 
O balance: 1 + 2v„ =1 => v„ = 0.5 => v„ . , = 0.75 

02 O2 O2 actual 

Now the actual reaction equation has excess oxygen as 

CO + 0.75 (O, + 3.76 N 2 ) -> C0 2 + 2.82 N 2 + 0.25 0 9 

From the definition of heating value (negative of enthalpy of combustion), 
Eq.13.14 or 13.15 

HV = - H rp = - (H P - H r ) = -hf C02 - 0 + hf co 

= -(-393 522) + (-1 10 527) = 282 995 kj/kmol CO 
= 10 103 kj/kg CO (as for Table 13.3) 

o o 

Actual energy Eq.: H R = H P = H P + AH P = H R + AH R 

0 o o _ _ _ 

AH P = H R + AH r - H P = -H rp + Ah co + 0.75 Ah Q ^ + 2.82 a& n ^ 

= HV + Ah„„ + 0.75 Ah„ + 2.82 Ah.. 

CO O2 N2 

= 282 995 + 8942 + 0.75 x 9245 + 2.82 x 8894 
= 323 952 kJ/kmol 
The left hand side is 

AH P = Ah.,., + 0.25 Ah., + 2.82 Ah.. 

1 co 2 o 2 n 2 

AH d , = 128 074 + 0.25 x 82 225 + 2.82 x 77 963 = 368 486 

r zoUU 

AH p 240Q = 1 15 779 + 0.25 x 74 453 + 2.82 x 70 640 = 333 597 

AH p 22Q = 103 562 + 0.25 x 66 770 + 2.82 x 63 362 = 298 935 

Now we can do a linear interpolation for the adiabatic flame temperature 

323 952 - 298 935 

T - 2200 + 200 333 597 _ 29g 935 - 2344 K 
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13.158 

A rigid container is charged with butene, C 4 H g , and air in a stoichiometric ratio at 
P Q , Tq. The charge burns in a short time with no heat transfer to state 2. The products 
then cool with time to 1200 K, state 3. Find the final pressure, P 3 , the total heat transfer, 
j Q 3 , and the temperature immediately after combustion, 73 . 

The reaction equation is, having used C and H atom balances: 

C 4 H 8 + v 0 2 (°2 + 3 - 76 N 2 ) 4 C0 2 + 4 H 2 0 + 3.76 v 0 N 2 

Counting now the oxygen atoms we require v ()2 = 6. 

C.V. analysis gives: 

U 3 - U l = Q - W = Q = H 3 - Hj - P 9 V 9 + P l Y l = H 3 - Hj - R(n 2 T 3 - n^) 

H 3- H 1 = H P1200- H R = H P- H R + AH p = AH rp + AH p 

= 56.108 X (-45 316) + 950055 = -1 592 535 kJ/kmol 
Where A = 56.108 and n = l+ 6 x 4.76 = 29.56, n 2 = 4 + 4 + 6x 3.76 = 30.56, 

Table A.9 at 1200 K: Ah^ = 44473, Ah =34506, Ah =28109. 

C02 H 2 O N2 

Now solving for the heat transfer: 

kl 

Q = -1592535 - 8.3145(30.56 x 1200 - 29.56 x 298.15) = -1824164 kmol fuel 
To get the pressure, assume ideal gases: 

n 2^ T 3 n 2 T 3 30.56 x 1200 

P 3 = — ^■33= 101325 kPa * 29.56 x 298.15 = 42L6kPa 

Before heat transfer takes place we have constant U so: 

U 2 - U i = 0 = H 2- H i-n 2 RT 2 + niR T i 

o 

Now split the enthalpy H 0 = H P + AH p (T 2 ) and arrange things with the unknowns 
on LHS and knowns on RHS: 

AH p - n 2 RT 2 = H R - H P - n^T^ 2 542 590 - 73278 = 2 469 312 
Trial and error leads to: 

LHS (3000 K) = 3 209 254 - 30.56 x 8.31451 x 3000 = 2 446 980 
LHS (3200 K) = 3 471 331 - 30.56 x 8.31451 x 3200 = 2 658 238 
linear interpolation T = 3021 K 
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13.159 

Natural gas (approximate it as methane) at a ratio of 0.3 kg/s is burned with 250% 
theoretical air in a combustor at 1 MPa where the reactants are supplied at T () . Steam at 1 

MPa, 450°C at a rate of 2.5 kg/s is added to the products before they enter an adiabatic 
turbine with an exhaust pressure of 150 kPa. Determine the turbine inlet temperature and 
the turbine work assuming the turbine is reversible. 


CH 4 + v Q2 (0 2 + 3.76 N 2 ) -> C0 2 + 2 H 2 0 + 7.52 N 2 


2v„ =2 + 2 
0 2 


v„ = 2 => Actual v„ = 2 x 2.5 = 5 

O2 02 


CH 4 + 5 0 9 + 18.8 N 2 -> C0 2 + 2 H 2 0 + 30, + 18.8 N 2 
C.V. combustor and mixing chamber 

H d + n u _ . = H d 

R H 2 O H 2 O in P ex 


n 


n H 2 P i ^h 2 Q M Fu 2.5 X 16.043 
h 2 o = . = . = 0.3 x 18.015 

n Fu m Fu M H 2 0 


= 7.421 


kmol steam 
kmol fuel 


Energy equation becomes 

n u ,/h - h. V _ + fAh„„ + 2Ah u _ + 3Ah„ + 18.8Ah M 

H 2 OV ex in/H 2 0 V C0 2 H 2 0 0 2 N 2 ) 


ex 


= -H rp = 50 010 x 16.043 = 802 310 


h - h. L = Ah u _ - 15072.5, so then: 

^ ex m/H 20 H 2 O ex 


fAh + 9.421Ah + 3Ah + 18.8A1+, . 

V co 2 h 2 o o 2 n 2 ; 


+ kj 

= 914 163 kmol fuel 


ex 


Trial and error on T 


ex 


T ex = 1000 K 
T ex = 1200 K 


LHS = 749 956 ; 
LHS = 987 286 


T ex = 1100K 


T ex = 1139 K = T; 


LHS = 867429 

in turbine 


If air then T ex turbine « 700 K and T avg « 920 K. Find C P mjx between 900 and 
1000 K. From Table A. 9: 


C 


P mix 


- X n,C Pi 


/X 


53.67 + 9.421(40.63) + 3(34.62) + 18.8(32.4) 

32.221 


= 35.673 kJ/kmol K 
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C v mix = C P mjx - R = 27.3587 kJ/kmol, k mix = 1 .304 
Tex turbine = H39 (150 / 1000) a2331 = 732 K 

AH 732 = 19370.6 + 9.421(15410) + 3(13567) + 18.8(12932) 

= 448 371 kJ/kmol 

kl 

w T = H in - H ex = AH in - AH ex = 914 163 - 448 371 = 465 792 j— 
W T = n Fu w T = m Fu w T /lCl Fu = (0.3 x 465 792)16.043 = 8710 kW 
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13.160 

The turbine in Problem 13.153 is adiabatic. Is it reversible, irreversible, or 
impossible? 


Inlet to the turbine is the exit from the mixing of air and fuel at 1 MPa. 
From solution to 13.153, we have: 


C pr „ =43.43, C pr „ =74.06, T . = 548.7 K 

P C2H2 P C3H8 turbine, in 


C 2 H 4 + C 3 H 8 + 9.6 0 2 + 36.096 N 2 


-> 5 C0 9 +6 H^O + 1.6 0 2 + 36.096 N 
S - S. = | dQ/T + S = S > 4> 

ex in ^ gen gen T 


Inlet: 

1 MPa, 548.7 K 

s pu Si + c p Fu 

ln(T /T 0 ) 



n. 

i 

y, 

-o 

s. 

i 

- y,P 

-Rln p 

r o 

S. 

1 

C 2 H 4 

1 

0.02097 

245.82 

12.989 

258.809 

C 3 H 8 

1 

0.02097 

315.09 

12.989 

328.079 

°2 

9.6 

0.2013 

223.497 

-5.816 

217.681 

N 2 

36.096 

0.7568 

209.388 

-16.828 

192.56 


S. = 258.809 + 328.079 + 9.6 x 217.681 + 36.096 x 192.56 = 9627.3 

in 



n. 

i 

y, 

- o 

s. 

i 

- Yi p 
-Rln p 

s. 

1 

co 2 

5 

0.1027 

257.496 

18.925 

276.421 

FF,0 

6 

0.1232 

223.826 

17.409 

241.235 

°2 

1.6 

0.0329 

235.92 

28.399 

264.319 

N 2 

36.096 

0.7413 

221.016 

2.489 

223.505 

S ex 

= 5 x 

276.421 + 6 x 

241.235 1.6 x 

264.319 



kl 

+ 36.096 x 223.505 = 1 1320 2kmol Fu K 


S gen = S ex ' = 1693 > « 

Possible, but one should check the state after combustion to account for 
generation by combustion alone and then the turbine expansion separately. 
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13.161 

Consider the combustion process described in Problem 13.119. 

a. Calculate the absolute entropy of the fuel mixture before it is throttled into the 
combustion chamber. 

b. Calculate the irreversibility for the overall process. 

From solution to 13.119, fuel mixture 0.8 C 2 Hg + 0.2 CH 4 at 65°C, 10 MPa 

Cpo F u E L = 49.718 kJ/kmol K. Using Kay’s rule: T., = 1.198, P f| = 2.073 

and x = 410.4 % theoretical air 
or 13.13 0 2 + 49.36 N 9 in at 600 K, 100 kPa 

and 1.8C0 2 + 2.8H 9 0 + 9.930 2 + 49.36N 2 out at 100 kPa, 1200 K 

so fuel = 0.2(186.251) + 0.8(229.597) - 8.3145(0.2 In 0.2 + 0.8 In 0.8) = 225.088 

* 338.2 10 

As tp = 49.718 In 29$2 " ^-3 145 ln^y = -32.031 

From Fig. D.3: (s* -s) FUEL = 1-37 x 8.3145 = 11.391 

S T = 225.088 - 32.031 - 11.391 = 181.66 kJ/kmol K 

FUEL 


Air at 600 K, 100 kPa 


n. 

i 

y-i 

- o 

s. 

1 

-Rln( yi P/P 0 ) 

S. 

1 

0 2 13.13 

0.21 

226.45 

+12.976 

239.426 

N 2 49.36 

0.79 

212.177 

+1.96 

214.137 

S ATD =z n.S. 

AIR ^ l i 

= 13713.47 kJ/K 



S R = 181.66 + 13713.47 = 

13895.1 kJ/K 



Products at 1200 K, 100 kPa 




PROD n. 

1 

y, 

_0 

s i 

-Rln( yi P/P 0 ) 

S. 

1 

C0 9 1.8 

0.0282 

279.390 

+29.669 

309.059 

H 9 0 2.8 

0.0438 

240.485 

+26.008 

266.493 

0 9 9.93 

0.1554 

250.011 

+15.479 

265.490 

N 9 49.36 

0.7726 

234.227 

+2.145 

236.372 

S =Zn.S. = 

P 11 

15606.1 kJ/K 



1 = T o( S p - S r) 

-Q cv = 298.15(15 606.1 

- 13 895.1) + 0 

= 510 132 kj 
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13.162 

Liquid acetylene, C 2 H 2 , is stored in a high-pressure storage tank at ambient 

temperature, 25 °C. The liquid is fed to an insulated combustor/steam boiler at the steady 
rate of 1 kg/s, along with 140% theoretical oxygen, 0 2 , which enters at 500 K, as shown 

in Fig. P13.162. The combustion products exit the unit at 500 kPa, 350 K. Liquid water 
enters the boiler at 10°C, at the rate of 15 kg/s, and superheated steam exits at 200 kPa. 

a. Calculate the absolute entropy, per kmol, of liquid acetylene at the storage tank state. 

b. Determine the phase(s) of the combustion products exiting the combustor boiler 

unit, and the amount of each, if more than one. 

c. Determine the temperature of the steam at the boiler exit. 

a) C 2 H 9 : S ig 25 °c = 200.958 kJ/kmol-K from A. 10 

T = 298.2/308.3 = 0.967 => From Fig. D.l: P = 0.82 

Pj = 0.82 x 6.14 = 5.03 MPa, ( s * - §) 1 = 3.33R = 27.687 kJ/kmolK 

At, p, = A 0 P 0 + AT - R ln(P,/P°) + (S - S*) pi T] = 140.695 

b) 1C 2 H 2 + 1.4x2.5 0 2 ->2C0 2 +1H 2 0+10 2 


Hj = 226731 + (-3.56 x R x 308.3) = 217605 kJ; 

H 9 = 3.5(0 + 6086) = 21301 kJ 
Products T = 350 K = 76.8°C => P_ = 41.8 kPa 

3 U 

P(i 41.8 n V max 

Yv max — p — — 0.0836 — 1 9 1 1 n v max — 0.2737 — ny „ as 

i ny max T i. t 1 


=> n r = 1 -0.2737 =0.7263 
iiq 

Gas Mix = 2 C0 2 + 0.2737 H 9 0 + 10, 

c) H liq3 = 0.7263(-285830 + 18.015(321.5 - 104.9)) = -204764 kJ 

H . = 2(-393522 + 2036) + 0.2737(-241 826+ 1756) + 1541 = -847138 kJ 

gas miX3 v v 7 

H=H r + H . =-204 764-847 138 = -1 051 902 kJ 

3 liq3 gas 1111x3 

H 3 -H 1 -H 0 = -l 290 808 kJ 


or H 3 - H 1 


- H, = -1 290 808/26.038 = -49 574 kW = m HoQ (h 4 - h 5 ) 



= 42.01 + 


49574 
" 15 


3346.9 


T 5 = 433.4°C 
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Concept Problems 
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13.163 

The output gas mixture of a certain air-blown coal gasifier has the composition of 
producer gas as listed in Table 13.2. Consider the combustion of this gas with 

120% theoretical air at 14.7 lbf/in. pressure. Find the dew point of the products 
and the mass of water condensed per pound-mass of fuel if the products are 
cooled 20 F below the dew point temperature? 


{ 3 CH 4 + 14 H 2 + 50.9 N 2 + 0.6 0 2 + 27 CO + 4.5 CO, } 

+ 31.1 0 2 + 116.9 N 2 — > 34.5 CO, + 20H,O + 5.2 O, + 167.8 N 2 
Products: 

20 

y H20 = y H20 MAX = 14.7 = 34.5 + 20 + 5.2 + 167.8 

=> P r = 1.2923 lbf/in 2 —> T_ cw PT = 110.4 F 

G DEW PT 

At T = 90.4 F, P_ = 0.7089 lbf/in 2 

_ 0.7089 

y H20max- 14.7 “ n„, n + 34.5 + 5.2 + 167.8 -> n H20 _ia51 

rlZvJ 

=> n = 20 - 10.5 1 = 9.49 lb mol 

riZU Lit.) 

9.49(18) 

m H20LiQ - 3(16)+14(2)+50.9(28)+0.6(32)+27(28)+4.5(44) 

= 0.069 lbm/lbm fuel 
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Energy and Enthalpy of Formation 
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13.164 

What is the enthalpy of formation for oxygen as O 2 ? If O? For CO 2 ? 
From Table F.6 

_ o 

h f0 2 = 0 

h f o = 107 124 Btu/lbmol 

h f C 02 = -169 184 Btu/lbmol (or Table F.l 1) 
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13.165 

One alternative to using petroleum or natural gas as fuels is ethanol (C 2 H 5 OH), 

which is commonly produced from grain by fermentation. Consider a combustion 
process in which liquid ethanol is burned with 1 10% theoretical air in a steady 
flow process. The reactants enter the combustion chamber at 77 F, and the 

products exit at 140 F, 14.7 lbf/in. . Calculate the heat transfer per lbmol fuel. 
C 2 H 5 OH+ 1.1 x 3 (0 2 + 3.76N 2 ) -> 2C0 2 + 3H 2 0 + 0.3O 2 + 12.408N 2 

Products at 140 F, 14.7 lbf/in 2 , Psat = 2.892 psia 

y H2Q = 2.892/14.7 = n y /(2 + 0.3 + n y + 12.408) 

n = 3.6023 > 3 => no condensation 

V 

h° = -1 19 252 Btu/lbmol as liquid from F. 1 1 
H = -119 252 + 0 + 0 = -119 252 Btu/ lbmol fuel 

K 

H p = 2(-169184 + 570) + 3(-47518 + 506.5) 

+ 0.3(0 + 443.7) + 12.408(0 + 438.4) = -472 690 Btu/ lbmol fuel 

Q cy = H p - H r = -353 438 Btu/lbmol fuel 
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13.166 

Liquid methanol is burned with stoichiometric air both supplied at P G , T 0 in a 

constant pressure process and the products exits a heat exchanger at 1600 R. 
Find the heat transfer per lbmol fuel 

CTL,OH + 1.5 (0, + 3.76 N 0 ) -> 1 CO, + 2 H 2 0 + 5.64 N 2 
Reactants at 77 F, products are at 1600 R, 14.7 psia. 

CH ,OH: hf = -102 846 Btu/lbmol from table F. 1 1 for the liquid state 

H r = 1 h LI Q + 0 + 0 = -102 846 Btu/lbmol fuel 

H P = 1(— 169 184 + 11 798) + 2(-103 966 + 9241) + 5.64(0 + 7681) 

= -303 515 Btu/lbmol fuel 

Q = H P - H R = -303 5 15 - (-102 846) = -200 669 Btu/lbmol fuel 
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13.167 

In a new high-efficiency furnace, natural gas, assumed to be 90% methane and 

10% ethane (by volume) and 1 10% theoretical air each enter at 77 F, 14.7 lbf/in. , 
and the products (assumed to be 100% gaseous) exit the furnace at 100 F, 14.7 

lbf/in.". What is the heat transfer for this process? Compare this to an older 
furnace where the products exit at 450 F, 14.7 lbf/in.". 

0.9 CH 4 +0.1 C 2 H 
77 F, 1 atm 

>=> 

110% Air _ 

77 F, 1 atm 




Products 
100 F 
1 atm 


Heat transfer 


0.9 CH +0.1 C,H + 1.1 x 2.15 O, + 3.76 x 2.365 N, 

4 Z O Z Z 

1.1 CO, + 2.1 H,0 + 0.215 O, + 8.892 N, 
a) T p = 100 F 

H r = 0.9(-32190) + 0.1(-36432) = -32614 Btu 

H p = 1.1(-169184 + 206) + 2.1(-103966 + 185) 

+ 0.215(0 + 162) + 8.892(0 + 160) = -402 360 Btu/lbmol, 
assuming all gas 


Q cv = H p - H r = -369 746 Btu/lb mol fuel 

b) T p = 450 F 

H p = 1.1(-169184 + 3674) + 2.1(-103966 + 3057) 

+ 0.215(2688) + 8.892(2610) = -370 184 Btu 

Q cv = H p - H R = -337 570 Btu/lb mol fuel 
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13.168 


Repeat the previous problem, but take into account the actual phase behavior of 
the products exiting the furnace. 

Same as 13.167 , except possible condensation. 


1.1 CO, + 2.1 H,0 + 0.215 O, + 8.892 N, 

a) 100 F, 14.7 lbf/in 2 Psat = 0.95 psia 

y = 0.95/ 14.7 = n /[n + 10.207] 

J v max v max v max 

n = 0.705 => n =0.705; n= 2.1 - 0.705 = 1.395 

v max v liq 

Hj. = 1 .395 [-122 885 + 18.015(68.05 - 45.09)] = -170 847 Btu/lbmol 

H nas = 1.1(-169 184 + 206) + 0.705(-103 966 + 185) 

+ 0.215(162) + 8.892(160) = -257 584 Btu/lbmol 
H =H r + H =-428 431 Btu/lbmol 

P liq gas 

Q cv = H p - H R = -395817 Btu/lbmol fuel ^ 
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b) T p = 450 F, no condensation 

H p = 1.1(-169 184 + 3674) + 2.1(-103 966 + 3057) 


= -370 184 Btu/lbmol 

Q cv = H p - H R = -337 570 Btu/lbmol fuel 


+ 0.215(2688) + 8.892(2610) 
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13.169 

Pentene, C-H ]() is burned with pure oxygen in a steady state process. The products 

at one point are brought to 1300 R and used in a heat exchanger, where they are 
cooled to 77 F. Find the specific heat transfer in the heat exchanger. 


C,H ir , + v„ O, — » 5 CO, + 5 H,0, stoichiometric: v„ = 7.5 

5 10 O 2 2 2 2 O 2 

Heat exchanger in at 1300 R, out at 77 F, so some water will condense. 
5 H O — > (5 - x)H O.. + x H O 

2 v 7 2 liq 2 vap 

Check for condensation amount 


y 


h 2 o 


max 


JL 11 


tot 


0.464 

14.696 


= 0.03158 = 


x 

5 + x 


x = 0.163 


q = 


— = sfh -ii2 


\ 


n 


ex in/C02 


+ 5 h -h. 


ex in/H 20 


vap 


- (5 -x)h 


fg h 2 o 


fuel 


= 5 (-8121) + 5 (-6468.5) - (5 - 0.163) 18919 

— _ i 54 459 — — — 

lO 6 * ^7 m() j j ue j 
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13.170 

Methane, CH 4 , is burned in a steady state process with two different oxidizers: A. 
Pure oxygen, O 2 and B a mixture of O 2 + x Ar. The reactants are supplied at T , 

and the products in are at 3200 R both cases. Find the required equivalence 

ratio in case A and the amount of Argon, x, for a stoichiometric ratio in case B. 


a) 



CH 4 + vO, -> CO, + 2H,0 + (v - 2)0, 
v = 2 for stoichiometric mixture. 

S 


FT _ U _ ZJ I A U 

P 3200 R P P 3200 

Ah„„, = 33 579 Btu/lbmol, Ah„,„ = 26 479, Ah,,, = 21 860 

LUz rlZU Uz 

AH p = H° - H° = -H^p = (50 010/2.326) x 16.04 = 344 867 Btu/lbmol 

= 33 579 + 2 x 26 479 + (v - 2)21 860 = 42 817 + v x 21 860 
v= 13.8175 => <|> = v/v = 2/13.8175 = 0.1447 

CH 4 + 20, + 2x Ar -> CO, + 2H,0 + 2x Ar 


Ah Ar = C PAr AT = C PAr M Ar AT 

AH d = H° - H° = -H° = (50 010/2.326) x 16.04 = 344 867 Btu/lbmol 

r K r KP 

= 33579 + 2 x 26479 + 2 x 0.1253 x 39.948 x (3200 - 536.67) 
Now the energy equation becomes 

344 867 = 86537 + x x 26662.5 => x = 9.689 
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13.171 

A rigid vessel initially contains 2 pound mole of carbon and 2 pound mole of 

oxygen at 77 F, 30 lbf/inA Combustion occurs, and the resulting products consist 
of 1 pound mole of carbon dioxide, 1 pound mole of carbon monoxide, and 
excess oxygen at a temperature of 1800 R. Determine the final pressure in the 
vessel and the heat transfer from the vessel during the process. 

2C + 20 2 -> 1C0 2 + lCO + |o 2 


V = constant, C: solid, n AS) = 2, n 2(GA§) = 2.5 



n 2^2 

x = 30 x 
n i l 


2.5 x 1800 
2 x 536.7 


125.8 



Hj = 0 and we neglect the Pv for carbon when doing the U|. 


H,= 1(-169184+ 14358) + 1(-47518 + 9323) + ^(0 + 9761) = -188 141 Btu 


A = (U 2 -U,) = (H 2 -Hj) - n 2 RT 2 + n 1 RT l 
= (-188 141 - 0) - 1.98589(2.5 x 1800 - 2 x 536.67) = -194 945 Btu 
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13.172 


A closed, insulated container is charged with a stoichiometric ratio of oxygen and 

hydrogen at 77 F and 20 lbf/in. . After combustion, liquid water at 77 F is sprayed 
in such that the final temperature is 2100 R. What is the final pressure? 

2 ) H 2° 

Products: 1 FLO + x. FLO 

2 1 2 

Energy eq. per 1 lbmol hydrogen (remember flow in): 

U 2 - U 1 = 6, = *i h fliq = (1 + *,) H P - » R - (1 + Xi)RT p +fRT R 

Solve for x.: x. [ h ni<| - F l p + RT p I = !!,, Il |; RT p + §RT r 

Table F.6: H R = <(), H p = -103 966 + 14 218.5 = -89 747.5 Btu/lbmol, 

Table F.ll: h fliq = -122 885 Btu/lbmol 

Substitute 

x.(-122885 + 89747.5 + 1.98588 x 2100) 

= -89747.5 - 1.98588(2100 - § x 536.67)= -92 319.2 Btu/lbmol 
x. = 3.187 


Combustion reaction: 


h 2 + \(0 


Volume is constant: 




P t V i = n R^ T i’ P 2 V i= n pR T P 

n P = ( 1+x 0 


P (l + x )T 

P 

1.5 Tj 


20(4. 187)(2 100) 
1.5(536.67) 


218.5 lbf/in 2 
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13.173 

Acetylene gas, C 2 H 2 , is burned with stoichiometric air in a torch. The reactants 
are supplied at the reference conditions P G , T 0 . The products come out from the 

flame at 4500 R after some heat loss by radiation. Find the heat loss per lbmol of 
fuel. 

The reaction equation is 

C 2 H 2 + 2.5 (0 2 + 3.76 N 2 ) -> 2 C0 2 + 1 H 2 0 + 9.4 N 2 

Energy Eq. : H P + Q out = H R = H° + AH P + Q out = H° 

Qout = < - H p - AH P 

Hr - H p = h r fuel - hJ H2 o - 2 h^co 2 = 97 477 - (-103 966) - 2(-169 184) 
= 539 811 Btu/lbmol 

AH P = 2 x 52 416.5 + 42 612 + 9.4 x 31 942.5 = 447 705 Btu/lbmol 
Q out = 539 81 1 - 447 705 = 92 106 Btu/lbmol fuel 
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13.174 

Natural gas (methane) is burned with stoichiometric air with reactants supplied at 
the reference conditions Po, To in a steady flow burner. The products come out at 
1400 R. If the burner should deliver 10 Btu/s, what is the needed flowrate of 
natural gas in lbm/s? 

The reaction equation for stoichiometric mixture is: 

CH 4 + v Q2 (0 2 + 3.76 N 2 ) -> 2 H 2 0 + 1 C0 2 + c N 2 

O balance: 2 v Q0 = 2 + 2 => v Q9 = 2 => c = 2 x3.76 = 7.52 

The products are cooled to 1400 R (so we do not consider condensation) and 
the energy equation is 

Energy Eq.: H R + Q = H P = H P + AH P = H R + Q 

o o ° o o 

Q = H P + AH P - H R = 2 iif h 2 o + hf co 2 + AH P - h ffuel 

AH P = 2 Ah H2G + Ah C0 2 + 3.52 Ah N2 

= 2 x 7371 + 9315 + 7.52 x 6169 = 70 448 Btu/lbmol 
Q = 2(-103 966) -169 184 + 70 448 - (-32 190) 

= -274 478 Btu/lbmol fuel 

Q = n Q out = Q out m/M so 

m = QM/Q 0Ut =10 Btu/s x 16.043 (lbm/lbmol) / 274 478 Btu/lbmol 
= 0.000584 lbm/s = 2.1 lbm/h 
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Enthalpy of combustion and heating value 
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13.175 

What is the higher heating value, HHV, of n-Butane? 

Either convert units from Table 13.3 or compute from the enthalpy of formation. 
From Table F.ll 

hf C 4 H 10 = ' 54 256 Btu/lbmol, M = 58.124 

_ o 

h f h 2 o iiq = -122 885 Btu/lbmol (we need liquid for higher heating value) 
hfco 2 = - 169 184 Btu/lbmol 

o o o o 

HHV = -H rp = h f C4H10 - 4 h f C02 - 5 h f H20 n q 

= - 54 256 - 4(-169 184) - 5(-122 885) 

= 1 236 905 Btu/lbmol = 21 280 Btu/lbm 

= 49 500 kJ/kg = 21 280 Btu/lbm (from Table 13.3) 
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13.176 

Find the enthalpy of combustion and heating value for pure carbon. 


Reaction: C + v„ [ O, + 3.76 N, ] — > CO, + v„ 3.76 N, 

O 2 2 2 J 2 O 2 2 


oxygen balance: 



H rp = H° - H° = hJco 2 - hf C = -169 184-0 

= -169 184 Btu/lbmol = -14 086 Btu/lbm (M = 12.01 1) 
HV = 169 184 Btu/lbmol = 14 086 Btu/lbm 
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13.177 

Acetylene gas, C 2 H 2 , is burned with stoichiometric air in a torch. The reactants 
are supplied at the reference conditions P 0 , T 0 . The products come out from the 

flame at 5000 R after some heat loss by radiation. Find the lower heating value for 
the fuel, as it is not listed in Table 13.3, and the heat loss per kmol of fuel. 

The reaction equation is 

C 2 H 2 + 2.5 (0 2 + 3.76 N 2 ) -> 2 C0 2 + 1 H 2 0 + 9.4 N 2 
Definition of the heating value and values from F. 1 1 

° O O -° - ° - ° 

LHV = -H rp = H r - Hp = hf f uel - hf h 2 o - 2 hf co 2 

= 97 477 - (-103 966) - 2(-169 184) 

= 539 81 1 Btu/lbmol = 20 731 Btu/lbm 

Energy Eq. : H P + Q out = H R = H° + AH P + Q out = H R 

Qout = h r - h p - ah p = LHV - AH P 

AH P = 2 x 59 784 + 49 114 + 9.4 x 36 330 = 510 184 Btu/lbmol 
Q out = 539 811 -510 184 = 29 627 Btu/lbmol fuel 
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13.178 

Blast furnace gas in a steel mill is available at 500 F to be burned for the 
generation of steam. The composition of this gas is, on a volumetric basis, 

Component CH 4 H 2 CO C0 2 N 2 H 2 0 

Percent by volume 0.1 2.4 23.3 14.4 56.4 3.4 

Find the lower heating value (Btu/ft 3 ) of this gas at 500 F and P . 

Of the six components in the gas mixture, only the first 3 contribute to the heating 
value. These are, per lb mol of mixture: 

0.024 H 2 , 0.001 CH 4 , 0.233 CO 
For these components, 

0.024 H 9 + 0.001 CH 4 + 0.233 CO + 0.1305 0 9 0.026 R, + 0.234 C0 2 

The remainder need not be included in the calculation, as the contributions to 
reactants and products cancel. For the lower HV(water vapor) at 500 F 

h Rp = 0.026(-103 966 + 3488) + 0.234(-169 184 + 4229) - 0.024(0 + 2101) 

- 0.001(-32 190 + 0.538 x 16.04(500-77)) - 0.233(-47 518 + 2981) 

- 0.1305(0 + 3069) = -31 257 Btu/lb mol fuel 

RT 0 1545 x 536.7 , 

v o = _ p^= 14.7 x 144 = 39 1 -47 ft /lb mol 

LHV = 31 680 / 391.47 = 79.85 Btu/ft 3 
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13.179 

A burner receives a mixture of two fuels with mass fraction 40% n-butane and 
60% methanol both vapor. The fuel is burned with stoichiometric air. Find the 
product composition and the lower heating value of this fuel mixture (Btu/lbm 
fuel mix). 

Since the fuel mixture is specified on a mass basis we need to find the mole 
fractions for the combustion equation. From Eq.13.4 we get 

Ybutane = (0.4/58.124) / [0.4/58.124 + 0.6/32.042] = 0.26875 

ymethanol ~ ^ ~ Ybutane — 0.73125 
The reaction equation is 

0.73125 CH 3 OH + 0.26875 C 4 H 1Q + v 02 (0 2 + 3.76 N 2 ) 

V C02 C0 2 + v H2 oH 2 0 + 3.76 v 02 N 2 

C balance: 0.73125 + 4 x 0.26875 = v C02 = 1.80625 

H 2 balance: 2 x 0.73125 + 5 x 0.26875 = v H2Q = 2.80625 

O balance: 0.73125 + 2 vq 2 = 2 Vq) 2 + v h2 q = 6.41875 => Vq 2 = 2.84375 

Now the products are: 

1.80625 C0 2 + 2.80625 H 2 0+ 10.6925 N, 

Since the enthalpy of combustion is on a mass basis in table 13.3 (this is also the 
negative of the heating value) we get 

LHV = (0.4 x 45 714 + 0.6 x 21 093)/2.326 

= 13 302 Btu/lbm fuel mixture 

Notice we took fuel vapor and water as vapor (lower heating value). 
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13.180 

A mixture of fuels is E85, which is 85% ethanol and 15% gasoline (assume 
octane) by mass. Assume we put the fuel and air, both at T , P , into a carburetor 

and vaporize the fuel as we mix it with stoichiometric air before it flows to an 
engine. Assume the engine has an efficiency as work divided by the lower heating 
value of 30%, and we want it to deliver 55 hp. We use heat from the exhaust flow 
(900 R) for the carburetor. Find the lower heating value of this fuel (Btu/lbm), the 
rate of fuel consumption, the heating rate needed in the carburetor, and the rate of 
entropy generation in the carburetor. 

The heati ng ue of the liquid fuel bl end (val ues from Tbl . 1 3.3 converted) 

LHV = 0.85 LHVgfhgHQ, + 0.15 LHV 0Ctane 

= (0.85 x 26 81 1 + 0.15 x 44 425) 0.42992 Btu/lbm = 12 662 Btu/lbm 


W = 0.3 m fue | LHV 

m fue | = W/(0.3 x LHV) = 55 hp x2544 Btu/h-hp/ (0.3 x 12 662 Btu/lbm) 

= 36.835 Ibm/h = 0.0102 Ibm/s 

The difference in heati ng val ue based on liquid versus vapor fuel is 

ALHV = [0.85 (27 731 - 26 81 1) + 0.15 (44 788 - 44 425)] 0.42992 
= (0.85 x 920 + 0.15 x 363) 0.42992 = 359.6 Btu/lbm 

Q = m fue | ALHV = 0.0102 Ibm/sx 359.6 Btu/lbm = 3.68 Btu/s 

Entropy generation is from vaporizing the fuel by transfer of heat from 900 R 
exhaust gas to the intake system at To and then mixing it with air. The mole 
fractions are 

Ethanol: M= 46.069; Octane: M= 114.232 
DIV =[0.85/46.069] +[0.15/114.232] =0.01845 + 0.001313 = 0.019764 
y ethanol = 0.01845 / 0.019764 = 0.9336 

y octane = ^ — yethanol = 0.06644 

0.93356 C 2 H 5 OH + 0.06644 C 8 H 18 + 3.63118 (0 2 + 3.76 N 2 ) ■=> 

2.39864 C0 2 + 3.39864 H 2 0 + 13.65324 N 2 

C bal ance: 0.93356 x 2 + 0.06644 x 8 = 2.39864 = v C02 
H balance: 0.93356 x 6 + 0.06644 x 18 = 6.79728 = 2vj_| 2 o 


So the A/F ratio on a mole and mass basis are 
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A/F-mole = 3.63118 x 4.76 / 1 = 17.2844; 

A/F-mass = 17.2844 x 28.97/50.5996 = 9.896 

The fuel was mixed before the carburetor so afterwards we have a 1: 17.2844 mix. 


s fg ethanol = (67.434 - 38.321)/46.069 = 0.63194 Btu/lbm-R 
Sf g octan e = (1 1 1.399 - 86.122)/1 14.232 = 0.22128 Btu/lbm-R 
s fg fuel mix = °- 85 x 0.63194 + 0.15 x 0.22128 = 0.57034 Btu/lbm-R 
M fue | = 0.9336 x 46.069 + 0.06644 x 1 14.232 = 50.5996 

Entropy Eq. . Sg en = out — in = nif ue | [sfg - R ln(yf ue |)] + m air [" ^ ^(Yair)] " exhaust 

= 0.0102 x [0.57034 -^||||ln(Y^^;)]Btu/s-R 

17 284-4- 3 68 

-0.0102 x 9.896 x 0.06855 ln(jg 284-4-^ Btu/s-R-^^ Btu/s-R 
= 0.00698 + 0.000389 - 0.004089 = 0.00328 Btu/s-R 
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Adiabatic flame temperature 
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13.181 

Hydrogen gas is burned with pure oxygen in a steady flow burner where both 
reactants are supplied in a stoichiometric ratio at the reference pressure and 
temperature. What is the adiabatic flame temperature? 


The reaction equation is: 

H2 + v 02 O2 => H2O 

The balance of hydrogen is done, now for oxygen we need vq 2 = 0.5. 
Energy Eq.: H R = H P => 0 = -103 966 + Ah H20 

=> Ah H20 = 103 966 Btu/lbmol 

Interpolate now in table F.6 for the temperature to give this enthalpy 

T = 8985 R 
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13.182 

Some type of wood can be characterized as 5 O 0 7 with a lower heating value 

of 8380 Btu/lbm. Find its adiabatic flame temperature when burned with 
stoichiometric air at 1 atm., 77 F. 

CiH L 5 O 0 .7 + v 09 [ 0 2 + 3.76 N 2 ] ^ C0 2 + 0.75 H 2 0 + 3.76v Q2 N, 

O balance: 0.7 + 2v Q ^ = 2 + 0.75 ■=> v Q ^ = 1.025, v N2 = 3.854 


M = 1 x 12.0111 + 1.5 x 1.008 + 0.7 x 16 = 24.712 

H rp = H° - H° = -M x HV = -24.712 x 8380 = -207 086 Btu/lbmol 

Energy Eq.: H p = H P + AH p = H R = H R => AH p = H R - H P = -H RP 


AH p = Ah C02 + 0.75 Ah H2 o + 3.854 Ah N2 = 207 086 Btu/lbmol 


at 4400 R: AH p = 50 948 + 0.75 x 41 325 + 3.854 x 31 068 = 201 678 Btu 

at 4600 R: AH p = 53 885 + 0.75 x 43 899 + 3.854 x 32 817 = 213 286 Btu 


T = 4400 + 200 


207 086 - 201 678 
213 286 - 201 678 


= 4493 R 


Comment: Most wood has some water and some non-combustible solids material 
so the actual flame temperature will be much lower. 
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13.183 

Carbon is burned with air in a furnace with 150% theoretical air and both 
reactants are supplied at the reference pressure and temperature. What is the 
adiabatic flame temperature? 

C + v„ CL + 3.76 v„ -> 1 CCL + 3.76 v„ 

O 2 2 O 2 2 2 O 2 2 

From this we find v„ = 1 and the actual combustion reaction is 

02 

C + 1.5 0 2 +5.64 N, -> 1 C0 2 + 5.64 N 0 +0.5 0 2 
H p = H P + AH p = H r = H r => 

AH p = H r - H P = 0 - (-169 184) = 169 184 Btu/lbmol 
AH p = Ah CQ 2 + 5.64 Ah N2 + 0.5 Ah 02 

Find T so AH p takes on the required value. To start guessing assume all products 
are nitrogen (1 + 5.64 + 0.5 = 7.14) that gives 3400 < T < 3600 R from Table F.6. 

AHp 340Q = 36 437 + 5.64 x 22 421 + 0.5 x 23 644 = 174 713 too high 
AHp 32Q0 = 33 579 + 5.64 x 20 717 + 0.5 x 21 860 = 161 353 

Linear interpolation to find 

169 184- 161 353 

T - 3200 + 200 n4 713 _ 161 353 - 3317 R 
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13.184 


Acetylene gas at 77 F, 14.7 lbf/in. 2 is fed to the head of a cutting torch. Calculate 
the adiabatic flame temperature if the acetylene is burned with 100% theoretical 
air at 77 F. Repeat the answer for 100% theoretical oxygen at 77 F. 

a) CAL + 2.5 CL + 2.5 x 3.76 N- -> 2 CCL + 1 fLO + 9.4 



H r = hf c 2 h 2 = 97 477 Btu 

H p = 2(-169 184 + Ahccb) + 1(-103 966 + Ahn 2 o) + 9.4 AhN 2 

Q cv = Hp- H R = 0 

=> 2 Ahccb + 1 AhH 2 o + 9.4 AhN 2 = 539 811 Btu/lbmol 
Trial and Error: T pROD = 5236 R 

2 x 147 196 + 121 488 + 9.4 x 89 348 = 1 255 751 OK 
C 2 H 2 + 2.5 0 2 — » 2C0 9 + H 9 0 

H = 97 477 Btu 

K. 



* 


* 


2(-169 184 + Ah C02 ) + 1(-103 966 + Ah H20 ) 


=> 2 Ah C02 + 1 Ah H20 = 539 811 

At 10 000 R (limit of F.6): 2 X 135 426 + 118 440 = 389 292 

At 9500 R: 2 x 127 734 + 1 1 1 289 = 366 757 


or 4507/100 R change, Difference, extrapolating 


T 


PROD 


10 000 + 


150519 

45.07 


13 340 R 
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13.185 


Butane gas at 77 F is mixed with 150% theoretical air at 1000 R and is burned in 
an adiabatic steady state combustor. What is the temperature of the products 
exiting the combustor? 

C 4 H 1q + 1.5 x 6.5(0 2 + 3.76N.,) -> 4C0 0 + 5H 2 0 + 3.25 0 0 + 36.66K, 


H = H + AH . . 

R R air, in 


H = H° + 4Ah + 5Ah„ n + 3.25Ah M + 36.66Ah M 
p p CO 2 H 2 O 02 N 2 


H = H => AH = H° - H! + AH . . 

PR P R P air, in 

O 45714 

AH d = -H dd + AH . . = X 58. 124 + 9.75 x 3366 + 36.66 x 325 1 

P RP air, in Z - AZD 

= 1 294 339 Btu/lbmol fuel 


4Ah co2 + 5Ah H20 + 3 - 25Ah Q2 + 36.66Ah N2 


at T 


ad 


Trial and Error: 

Find the enthalpies from Table F.6 
AH p,3600R = 1 281 185 

AH P,3800R = ' 374 

Finear interpolation to match FHS 

=> T = 3628 R 

ad 
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13.186 

A special coal burner uses a stoichiometric mixture of coal and an oxygen - argon 
mixture (1:1 mole ratio) with the reactants supplied at Po, To. Find the adiabatic 
flame temperature assuming complete combustion. 

Combustion of carbon: 

C + 0 0 + Ar — > CCX, + Ar 

C.V. Combustion chamber. 

Energy Eq.: 

° ° 

Hr = H r = H P = H P + AH P = h f C02 + Ah C Q 2 + Ah A| . 

Table F. 6 or F. 11: h, co? = -169 184 Btu/lbmol, reference H R = 0 

Table F.4: C P M = 0.124 x 39.948 = 4.9536 Btu/lbmol-R 

AH P = H R - H P = 0 - h f C02 = 169 184 Btu/lbmol 
AHp 9000 = 120 071 + 4.9536 x (9000 - 459.7) = 162 376 Btu/lbmol, 

AHp 95 oo = 127 734 + 4.9536 x (9500 - 459.7) = 172 5 16 Btu/lbmol, 

interpolate => T 4 = T |d flamg = 9336 R 

Comment: At this temperature some chemical equilibrium reactions will be 
important, see Chapter 14. 
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13.187 


Liquid n-butane at 7 q, is sprayed into a gas turbine with primary air flowing at 
2 

150 lbf/in. , 700 R in a stoichiometric ratio. After complete combustion, the 
products are at the adiabatic flame temperature, which is too high so secondary air 

at 150 lbf/in. 2 , 700 R is added, with the resulting mixture being at 2500 R. Show 
that L ad > 2500 R and find the ratio of secondary to primary air flow. 

C.V. Combustion Chamber. 

C 4 H 10 + 6.5 0 2 + 6.5 x 3.76 N 2 -> 5 H 2 0 + 4 C0 2 + 24.44 N 2 


Primary 

Air 


Fuel 

Combustion 

Chamber 


Secondary 


T 


AD 



To turbine 


2500 R 


H = H . + H c = H d = H° + AH D = H° + AH„ 

R air Fu P P PR R 

AH p = H° - H° p + AH r = -H; p + AH r 

= 45344 x 58.124/2.326 + 6.5(1158 + 3.76 x 1138) 
= 1 168 433 Btu/lbmol fuel 
AH D = 4 x 23755 + 5 x 18478 + 24.44 x 14855 

Jr ,ZjUUK 

= 550 466 Btu/lbmol fuel 


AH > AH d => T > 2500 R (If iteration T , = 4400 R) 

P P,2500R ad v ad 7 


C.V. Mixing chamber 


AFL + , ,AH . _ nn = AH d „. nnD + v„, , .AH . D 

P 02 2nd air, 700 P,2500R 02 2nd air,2500R 


V 


AH p - AH p 25()0 


1168433 - 550466 


02 2nd AH - AH 

air, 2500 air,700 


Ratio = - .A' D . 

02 2nd 02 Prim. 


71571 - 5437 
= 9.344/6.5 = 1.44 


= 9.344 
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13.188 

Ethene, C 2 H 4 , bums with 150% theoretical air in a steady flow constant -pressure 
process with reactants entering at P , T . Find the adiabatic flame temperature. 

Stoichiometric 

C 2 H 4 + 3(0 0 + 3.76N 2 ) -> 2CO^ + 2R,0 + 11.28N 2 

Actual 

C 2 H 4 + 4.5(0 2 + 3.76N 2 ) -> 2 CO,, + 2 H 2 0 + 1.5 0 2 + 16.92 N 2 
H p = H R = H° + AH p = H° => From Table 13.3 units converted 
AH d = H° - H° = -H° = 28.054 x 47 158/2.326 = 568 775 Btu/lbmol 

r K r Kx 


AH P = 2Ah C02 + 2Ah H2G + L5Ah 02 + !6-92Ah N2 
Trial and error on T ,. 

ad 

AH p 3 40 or = 2 x 36 437 + 2 x 28 867 + 1.5 x 23 644 + 16.92 x 22 421 
= 545 437 Btu/lbmol, 

AH p 3 6o 0 r = 2 x 39 312 + 2 x 31 293 + 1.5 x 25 441 + 16.92 x 24 135 
= 587 736 Btu/lbmol 


Finear interpolation 


T ,, = 3510 R 

ad 
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13.189 

Solid carbon is burned with stoichiometric air in a steady state process, as shown 
in Fig. P13.97. The reactants at T , are heated in a preheater to 7’^ = 900 R 

with the energy given by the products before flowing to a second heat exchanger, 
which they leave at T . Find the temperature of the products 7^, and the heat 

transfer per lb mol of fuel (4 to 5) in the second heat exchanger. 

a) Following the flow we have: Inlet T J? after preheater T 9 , after mixing and 
combustion chamber T,, after preheater T 4 , after last heat exchanger T 5 = T r 

b) Products out of preheater T 4> Control volume: Total minus last heat 
exchanger. 

C + 0 2 + 3.76 N 2 -> C0 2 + 3.76 N 2 
Energy Eq.: 

H d = H r = H d =Hp + AH D = h , „ + Ah„„ + 3. 76 Ah.. 

R K P 3 F P 3 f CO 2 CCb N 2 

h° _ =-169 184 Btu/lbmol, 

f CO 2 

AH D = 50 948 + 3.76 x 31068 = 167 764 Btu/lbmol, 

P 3 4400 

AH d = 53 885 + 3.76 x 32 817 = 111 111 Btu/lbmol 

P 3 4600 

Linear interpolation => T, = T , „ = 4430 R 

r 3 ad. name 

c) Control volume total. Then energy equation: 

o o 

Hr + q = H P 

q = H; p = h;co 2 -0 = -169 184iE^-i 
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13.190 


In a test of rocket propellant performance, liquid hydrazine (N^Hq) at 14.7 

lbf/in.2, 77 F, and oxygen gas at 14.7 lbf/in.^, 77 F, are fed to a combustion 
chamber in the ratio of 0.5 lbm 0 9 /lbm N^Hq. The heat transfer from the chamber 

to the surroundings is estimated to be 45 Btu/lbm N 9 Hq. Determine the 

temperature of the products exiting the chamber. Assume that only H 9 0, FT,, and 

N 9 are present. The enthalpy of formation of liquid hydrazine is +21 647 Btu/lb 


mole. 


N 2 H 4 




Products 


N 2 H 4 + i°2^ H 2 0 + H 2 + N 2 


ril 02 /li, N2H4 = °' 5 = 32l ’02 /32 "N2H4 and 


Rlit 

Q cv = -45 x 32.045 = -1442 


Q/rri = -45 Btu/lbm 

JNzri4 


C.V. combustion chamber: m, h, + n^ h„ + Q_. = n h. 

Fu 1 O 2 2 ^CV tot 3 

-or - Hj + H 2 + Q cy = Hp^ => H r + Q cv = H P + AHp^ 

0 0 Rti, 

AH P3 = H r - Hp + Q cv = 21 647 + 103 966 - 1442 = 124 171 
Trial and error on T 3 : 

, nnnD = 49 114 + 34 627 + 36 330 = 120 071 Btu/lbmol, 

r jUUUK 

AH d „ nnD = 55 739 + 39 032 + 40 745 = 135 516 Btu/lbmol, 

r jjUUK 

Interpolate => T, = 5133 R 
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Second law for the combustion process 
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13.191 

Two pound moles of ammonia are burned in a steady state process with x lb mol 
of oxygen. The products, consisting of H 2 0, N 2 , and the excess 0 2 , exit at 400 F, 

1000 lbf/in. 2 . 

a. Calculate x if half the water in the products is condensed. 

b. Calculate the absolute entropy of the products at the exit conditions. 

2NH 3 + x0 2 -> 3FF,0 + N 2 + (x - 1.5)O z 

Products at 400 F, 1000 lbf/in 2 with n„ or . T ... = n uo „ .. . _ = 1.5 

rlzU rlZU V Ar 

_ P G_ 247,1 _ 1.5 

a) yH 20 VAp- P - 1000 “1.5 + 1 +x- 1.5 

x = 5.070 


k) ^PROD ‘"'GAS MIX + 3 1 120 LIQ 
Gas mixture: 



n. 

i 

y, 

— O 

s. 

1 

- yi p 
-Rln p 

o 

S. 

1 

h 2 o 

1.5 

0.2471 

48.939 

-5.604 

43.335 

°2 

3.57 

0.5881 

52.366 

-7.326 

45.040 

N 2 

1.0 

0.1648 

49.049 

-4.800 

44.249 


S GAS MIX = 1-5(43.335) + 3.57(45.040) + 1.0(44.249) = 270.04 Btu/R 
Vo liq = 15[16.707 + 18.015(0.5647 - 0.0877)] = 37.95 Btu/R 

S PROD = 270 - 04 + 37 - 95 = 307 ‘" Btu/R 
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13.192 

Propene, C^H^, is burned with air in a steady flow burner with reactants at P G , 
T 0 . The mixture is lean so the adiabatic flame temperature is 3200 R. Find the 
entropy generation per lbmol fuel neglecting all the partial pressure corrections. 

The reaction equation for a mixture with excess air is: 

C 3 H 6 + v Q2 (0 2 + 3.76 N 2 ) -+ 3 H 2 0 + 3 C0 2 + 3.76v Q2 N 2 + (v Q2 - 4.5)0 2 

Energy Eq.: H R = H R + AH R = H R = H p = H P + AH p 

The entropy equation: S r + S gen = S p => S gen = S p “ S r = S p “ S R 

From table F.6 at reference T 

A H r = Ahpu + v o 2 (Aho2 + 3.76 Ah N2 ) = 0 
From table F.6 at 3200 R: 

AH p = 3 Ah H2Q + 3 Ah C02 + 3.76 v Q2 Ah N2 + (v Q2 - 4.5) Ah Q2 

= 3 x 26 479 + 3 x 33579 + 3.76 v Q2 x 20 717 + (v Q2 - 4.5) 21 860 
= 81 804 + 99 756 v Q2 
From table F. 1 1 : 

H P - H r = 3(- 103966) + 3(-169184) - 8783 = -828 233 Btu/lbmol 
Now substitute all terms into the energy equation 

-828 233 + 81 804 + 99 756 v Q2 = 0 

828 233 -81 804 

Solve for v Q2 : v 0? = 99756 =7.48255, v N ^ = 28.134 

Table F.6 contains the entropies at 14.7 psia so we get: 

S p = 3 x 61.796 + 3 x 72.160 + (7.48255 - 4.5) 63.109 + 28.134 x 59.175 
= 2254.92 Btu/lbmol-R 

S D = 63.761 + 7.48255x 48.973 + 28.134 x 45.739 = 1717.02 Btu/lbmol R 
S = 2254.92 - 1717.02 = 537.9 Btu/lbmol-R 

gen 
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13.193 

Graphite, C, at P 0 , T a is burned with air coming in at P 0 , 900 R in a ratio so the 
products exit at P Q , 2200 R. Find the equivalence ratio, the percent theoretical air 
and the total irreversibility. 

C + x(0 2 + 3.76N 2 ) -> C0 2 + (x - 1)0 2 + 3.76 x N 2 

Hp = Hr => A Hp2200 - ah r = h; - H ; = -h r ; 

19659 + (x - 1)13136 + 3.76 x x x 12407 - x(2616 + 3.76 x 2541) 

= 0- (-169184) 

=> 6523 +xx 47616.2= 169184 => x = 3.416, 

or 342 % theoretical air 

Equivalence ratio <j) = 1/x = 0.293 

S = s d ' s d = V v (s° - Rln y.) - V v.(s° - Rln y.) 

gen P R / ; i v l J l / , i v i J v 

P R 

R: y O2 =0 - 21 y N2 = 0 - 79 

P:y 02 = 0.1507 y N2 = 0.79 y C02 = 0.0593 

S = 66.952 + 5.610 + 2.416(59.844 + 3.758) 

gen v 7 

+ 3.76 x 3.416(56.066 + 0.468) - 1.371 
- 3.416(52.686 + 3.099 + 3.76(49.353 + 0.468)) 

= 120.5 Btu/(lbmol CxR) 

I = T 0 S = 64 677 Btu/lbmol C 

u gen 
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13.194 

Hydrogen peroxide, H 9 0 9 , enters a gas generator at 77 F, 75 lbf/irA at the rate of 

0.2 lbm/s and is decomposed to steam and oxygen exiting at 1500 R, 75 lbf/inA 
The resulting mixture is expanded through a turbine to atmospheric pressure, 14.7 

lbf/in. , as shown in Fig. P13.107. Determine the power output of the turbine, and 
the heat transfer rate in the gas generator. The enthalpy of formation of liquid H 2 

O 2 is -80 541 Btu/lb mol. 

H 2 0 2 -H 2 0 + f0 2 

n = m /M = 0.2/34.015 = 0.00588 lbmol/s 

Fu Fu Fu 

n . = 1.5 x n_ = 0.00882 lbmol/s 

ex, mix Fu 

C . = f x 0.445 x 18.015 +tx 0.219 x 31.999 = 7.6804 

p mix J J 

C . = C . - 1.98588 = 5.6945 ; k . = C . /C . = 1.3487 

v mix p mix mix p mix v mix 

Reversible turbine 

T 3 = T 2 x (P 3 /P 9 ) (k ' 1)/k = 1500 x (14.7/75) 0 ' 2585 = 984.3 R 
w = C . (T - TJ = 7.6804(1500 - 984.3) = 3960.8 Btu/lbmol 

p mix v 2 3 v 

W~, = n . x w = 0.00882 x 3960.8 = 34.9 Btu/s 

CV mix 

C.V. Gas generator 

Q cv = H 2 - Hj 

= 0.00588 x (-103 966 + 8306) + 0.00294(7297.5) - 0.00588(-80 541) 

= -67.45 Btu/s 
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13.195 

Methane is burned with air both supplied at the reference conditions. There is 
enough excess air to give a flame temperature of 3200 R. What are the percent 
theoretical air and the irreversibility in the process? 

The combustion equation with X times theoretical air is 

CH 4 + 2X(0 2 + 3.76 N 2 ) -» C0 2 + 2H 2 0 + 2(X-1)0 2 + 7.52X N 2 

o o 

Energy Eq. : H air + H fuel = H R = H P = H P + AH P = H R + AH R 

=> AH P = H R + AH r - Hp = -H rp + 0 
From Table 13.3: -H RP = -16.04 (-50 010)/2.326 = 344 867 Btu/lbmol 

AH P = Ah C02 + 2 Ah H2 o + 2(X-1) Ah 02 + 7.52X Ah N2 

From Table F.6 and the energy equation 

AH P 3200 = 33 579 + 2 x 26 479 + 2(X-1) 21 860 + 7.52X x 20 717 = 344 867 
so 

42 817 + 199 512 X = 344 867 => X= 1.514 

%Theoretical air = 151 . 4 % 

The products are 

Products: C0 2 + 2H 2 0 + 0.9712 0 2 + 11.172 N 2 

The second law 

Sgen — ^ — T 0 Sg en 

Reactants: Pj = 14.7 psia, P 0 
n i Yi 

CH 4 1 1 

0 2 2X 0.21 

N 2 7.52 X 0.79 

Sr = ^ njSj = 728.21 Btu/R lbmol fuel 


= 14.7 psia, s f from Table F.6 and F.l 1 

-o _ yjPj . Btu 

f -R In p S. Rj mo i r 


44.459 

0 

44.459 

48.973 

3.099 

52.072 

45.739 

0.468 

46.207 
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Products: P e = 14.7 psia, P 0 = 14.7 psia, From Table F.6 


C0 2 1 

H 2 0 2 

0 2 0.9712 

N 2 11.172 


Yi 

_0 

s 3200 

— y,P e 
-Rln P 

r o 

- Btu 

i lbmol R 

0.06604 

72.160 

5.3966 

77.557 

0.13208 

61.796 

4.0201 

65.816 

0.06413 

61.109 

5.4549 

66.564 

0.73775 

59.175 

0.6040 

59.779 


S P = ^ niS. = 941.69 Btu/R lbmol fuel; 

I = T 0 (S P - S R ) = 536.67(941.69 - 728.21) = 114 568 Btu/lbmol fuel 
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Fuel Cells, Efficiency, and Review 
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13.196 

In Example 13.15, a basic hydrogen-oxygen fuel cell reaction was analyzed at 
25°C, 100 kPa. Repeat this calculation, assuming that the fuel cell operates on air 
at 77 F, 14.7 lbf/in. 2 , instead of on pure oxygen at this state. 

Anode: 2 IE, — > 4 e' + 4 H + 

Cathode: 4 H + + 4 e -> 1 0 2 + 2 H.,0 


Overall: 2 H 0 + 1 0 9 -> 2 R,0 


Example 


13.15 


25°C 


= -474 283 kJ/kmol 


Or AG.... _ = -203 904 Btu/lbmol 

77 F 

p 0 = y 02 x p = 0.21 x 14.7 = 3.087 lbf/in 2 


s n =48.973- 1.98589 In 0.21 = 52.072 

z 

AS = 2(16.707) - 2(31.186) - 1(52.072) = - 81.03 Btu/R 
AH = 2(-122 885) - 2(0) - 1(0) = -245 770 Btu/lbmol 
AG 77 f = -245 770 - 536.67(-81 .03) = 202 284 Btu/lbmol 

E° = -AG/N 0 e n c = 202 284 x 2.326/(96 485 x 4) = 1.219 V 
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13.197 


Pentane is burned with 120% theoretical air in a constant pressure process at 14.7 

lbf/in . The products are cooled to ambient temperature, 70 F. How much mass of 
water is condensed per pound-mass of fuel? Repeat the answer, assuming that the 
air used in the combustion has a relative humidity of 90%. 

C 5 H 12 + 1.2 x 8(0 2 + 3.76N 2 ) -a 5 C0 2 + 6 H 9 0 + 0.96 0, + 36.1 K, 

Products cooled to 70 F, 14.7 lbf/in 2 
a) for H 2 0 at 70 F: P Q = 0.3632 lbf/in 2 


P G 0.3632 n 


H20 MAX 


14.7 


^H20 MAX P 
Solving, n 
Therefore, n 

4.934 x 18.015 


n H2C> MAX + 42.06 


H 20 max 1 4)66 < n H2Q 


H20VAP 1.066, n n2o liq 6- 1.066 4.934 


m 


H20 LIQ 


72.151 


= 1.232 lbm/lbm fuel 


b) P vl = 0.9 x 0.3632 = 0.3269 lbf/in 2 

0.3269 

Wj = 0.622 x 273 = 0.014 147 

28.97 

n H20iN = 0-014147 x ig x (9.6 + 36.1) = 1.040 lbmol 

n H20 out = 1-04 + 6 = 7.04 

n m „ t Tri = 7.04 - 1.066 = 5.974 lb mol 

JHLzU JLJL^) 


n 


H20 LIQ 


5.974 x 18.015 
72.151 


= 1.492 lbm/lbm fuel 
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13.198 

A small air-cooled gasoline engine is tested, and the output is found to be 2.0 hp. 
The temperature of the products is measured and found to be 730 F. The products 
are analyzed on a dry volumetric basis, with the following result 1 1.4% CO 2 , 

2.9% CO, 1.6% O 2 and 84.1% N 2 . The fuel may be considered to be liquid 

octane. The fuel and air enter the engine at 77 F, and the flow rate of fuel to the 
engine is 1.8 lbm/h. Determine the rate of heat transfer from the engine and its 
thermal efficiency. 

a C 8 H 18 +bO, + 3.76b -+ 1 1.4 C0 2 + 2.9 CO + c H 2 0 + 1.6 0 0 + 84. 1 N 2 

b = 84.1/3.76 = 22.37, a = (1/8)(1 1.4 + 2.9) = 1.788, c = 9a =16.088 
C 8 H 18 + 12.5 0. + 47.1N, 

-+ 6.38 C0 2 + 1.62 CO + 9 H,0 + 0.89 0 2 + 47.1 N 2 

_ O 

a) H r = h f cgH18 = -107 526 Btu/lbmol 

H p = 6.38(-169 184 + 6807) + 1.62(-47 518 + 4647) 

+ 9(-103 966 + 5475) + 0.89(0+4822) 

+ 47.1(0 + 4617) = -1 770 092 Btu/lbmol 
H - H D = -1 770 092 - (-107 526) = -1 662 566 Btu/lbmol 

H p - H R = 11 1 4 2 3 (-1 662 566) = -26 198 Btu/h (M fud = 114.23) 

Q cv = -26 198 + 2.0 (2544) = -21 110 Btu/h 

b) Fuel heating value from table 15.3 converted to Btu/lbm 

Q H = 1.8 x (47 893/2.326) = 37 062 Btu/h 

5088 

W NET = 2.0 x 2544 = 5088 Btu/h; q TH = = 0*137 
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13.199 

A gasoline engine uses liquid octane and air, both supplied at P 0 , T 0 , in a 

stoichiometric ratio. The products (complete combustion) flow out of the exhaust 
valve at 2000 R. Assume that the heat loss carried away by the cooling water, at 
200 F, is equal to the work output. Find the efficiency of the engine expressed as 
(work/lower heating value) and the second law efficiency. 

C 8 H 18 + 12.5(0 2 + 3.76N 2 ) -> 8 C0 2 + 9 H 2 0 + 47 N 2 

Table 13.3 LHV convert units kJ/kg to Btu/lbm 

LHV = 44 425 x 114.232 / 2.326 = 2 181 753 Btu/lbmol fuel 
Table F.6 

AH p 200Q = 8 x 16 982 + 9 x 13 183 + 47 x 10 804 = 643 470 
C.V. Total engine: H. = H + W + Q, = H + 2W 

° in ex ^loss ex 

W = ( H m - H ex) /2 = ( H r - H p) /2 = (" H rp ' AH p,200 0 ) /2 
= (2 181 753 - 643 470)/2 = 769 142 Btu/lbmol fuel 

q TH = W/LHV = 769 142/2 181 753 = 0.353 
For 2nd law efficiency we must find reversible work 

S. = s, . + 12.5(s„ + 3.76s M ) 

in fuel v C>2 N 2 

= 86.122 + 12.5[48.973 - 1.98589 In (1 / 4.76)] 

+ 47[45.739 - 1.98589 In (3.76 / 4.76)] 

= 2908.8 Btu/(lbmol fuel x R) 

S = 8s„„ + 9s„ „ + 47s = 8[65.677 - 1.98589 In (8 / 64)] 

ex CO 2 H 2 O N 2 L v /J 

+ 9[56.619 - 1.98589 In (Jp] + 47[55.302 - 1.98589 In (||)] 

= 3731.1 Btu/(lbmol fuel x R) 

Assume the same Q Joss out to 200 F = 659.67 R reservoir and compute Qq 6V : 

S. +(Y ev /T =S + Q. /T 

in ^0 0 ex ^loss res 

(X ev = T (S - S. ) + Q. T /T 

0 ex m ^loss 0 res 

= 536.67(3731.1 - 2908.8) + 769 142*536.67/659.67 
= 1 067 034 Btu/lbmol fuel 
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W rev = H. -H -Q, + (Y ev = W +Q" ev 

in ex ^loss ^0 ac ^0 

= 769 142 + 1 067 034 = 1 836 176 Btu/lbmol fuel 
r, = W /W rev = 769 142/1 836 176 = 0.419 

'll ac 
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13.200 


Ethene, C 2 H 4 , and propane, CgHg, in a 1:1 mole ratio as gases are burned with 

120% theoretical air in a gas turbine. Fuel is added at 77 F, 150 lbf/in. ^ and the air 

comes from the atmosphere, 77 F, 15 lbf/in. through a compressor to 150 lbf/in. 
and mixed with the fuel. The turbine work is such that the exit temperature is 

1500 R with an exit pressure of 14.7 lbf/in. Find the mixture temperature before 
combustion, and also the work, assuming an adiabatic turbine. 

C 2 H 4 + C 3 H g + v 02 (0,+3.76N 2 ) -> 5CO, + 6H,0 + v M 0 N. 

cjt = 1 => v Q 2 = 8 (j) = 1/1.2 

so we have 45.696 lbmol air per 2 lbmol fuel 

C 2 H 4 + C 3 H 8 + 9.6(0 2 + 3.76N 2 ) 5C0 0 + 6H,0 + 1.6 0, + 36.096N, 

C.V. Compressor (air flow) 


N2 2 

V 02 = 9 ' 6 


w . = h - h. 

c,in 2 1 


S 2 = S 1 


P =P ,PJP, = 10.907 

r2 rl 2 1 


P , = 1 .0907 

rl 

T, . = 1027.3 R 

2 air 


w . = 247.81 - 128.38 = 119.53 Btu/lbm = 3462.4 Btu/lbmol air 

c,m 


C.V. Mixing chamber 


• — » — • — 

n . h . . + n, .h, . + n, „h, . = (same) 

o„- o,^ lul f u j f u 2 fu2 v 7 ~ v * 


air air in 


exit 


(C PFI + C pf? )(T - T ) = 45.696 C (T - T ) 

v PF1 PF2 /V ex 0 7 P air v 2 air ex 7 

C PF1 = 11.53, C PF2 = 17.95, C Pair = 6.953 Btu/lbmol-R 


T = 

ex 


45.696Cp air T 2 + (Cp F1 +C PF2 )T 


o 


C PF1 + C PF2 + 45.696C 


= 985.6 R = T 


in combust 


air 


Turbine work: take C.V. total and subtract compressor work. 

W = H. -H = H - H 

total in out R P,1500 

= h f pi + h f p2 - 5h C02 - 6h R20 - 36.096h N2 - l-6h 02 

= 22557 + (-44669) - 5(10557 - 169184) 

- 6(8306 - 103966) - 36.096 x 6925 - 1.6 x 7297.5 
= 1 083 342 Btu/2 lbmol Fuel 
W T = w t t + w . = 1 083 342 + 3462.4 x 45.696 

T tot c,in 


= 1 241 560 Btu/2 lbmol fuel 
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13.201 

Repeat problem 13.190E, but assume that saturated-liquid oxygen at 170 R is used 
instead of 77 F oxygen gas in the combustion process. Use the generalized charts 
to determine the properties of liquid oxygen. 

Problem the same as 13.190E, except oxygen enters at state 2 as 

saturated liquid at 170 R. 

170 

At 170 R, T. 2 = 2 g = 0.61 => Ah f = 5.1 
From Fig. D.2: 

(h* - h) = 1.98589 x 278.6 x 5.1 = 2822 Btu/lbmol 
AH p3 = H R + AH r - Hp + Q cy = 21 647 - 0.5(2822) 

+ 0.5(0.219)(170 - 536.67)(32) + 103 966 - 1442 
= 121 475 Btu/lbmol 

With 

AH d = 49 114 + 34 627 + 36 330 = 120 071 Btu/lbmol, 

r jUUUK 

AH d = 55 739 + 39 032 + 40 745 = 135 516 Btu/lbmol, 

r jjUUK 

Finear interpolation =>77= 5045 R 
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In-Text Concept Questions 
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14.a 

For a mixture of O2 and O the pressure is increased at constant T; what happens 
to the composition? 

An increase in pressure causes the reaction to go toward the side of 
smaller total number of moles, in this case toward the O2 . 

14.b 

For a mixture of O2 and O the temperature is increased at constant P; what 
happens to the composition? 

A temperature increase causes more O2 to dissociate to O. 

14.c 

For a mixture of O2 and O I add some argon keeping constant T, P; what happens 
to the moles of O? 

Diluting the mixture with a non-reacting gas has the same effect as 
decreasing the pressure, causing the reaction to shift toward the side of larger total 
number of moles, in this case the O. 
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14.d 

When dissociations occur after combustion, does T go up or down? 

Dissociation reactions of combustion products lower the temperature. 

14.e 

For nearly all the dissociations and ionization reactions what happens with the 
composition when the pressure is raised? 

The reactions move towards the side with fewer moles of particles, that is 
ions and electrons towards the monatomic side and monatomic species combine 
to form the molecules (diatomic or more) 
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14.f 

How does the time scale for NO formation change when P is lower at same T? 

Look at the expression for the time scale in Eq. 14.40. As P is lowered the 
time scale becomes larger. The formation rates drops, and the effect is explained 
by the larger distance between the molecules/atoms (density lower), the same T 
essentially means that they have the same characteristic velocity. 

14.g 

Which atom in air ionizes first as T increases? What is the explanation? 

Using Fig. 14.11, we note that as temperature increases, atomic N ionizes 

to N + , becoming significant at about 6-8000 K. N has a lower ionization potential 
compared to O or Ar. 
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Concept-Study Guide Problems 
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14.1 

Is the concept of equilibrium limited to thermodynamics? 

Equilibrium is a condition in which the driving forces present are 
balanced, with no tendency for a change to occur spontaneously. This concept 
applies to many diverse fields of study - one no doubt familiar to the student 
being that of mechanical equilibrium in statics, or engineering mechanics. 

14.2 

How does Gibbs function vary with quality as you move from liquid to vapor? 

There is no change in Gibbs function between liquid and vapor. For 
equilibrium we have g g = g f . 
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14.3 

How is a chemical equilibrium process different from a combustion process? 

Chemical equilibrium occurs at a given state, T and P, following a 
chemical reaction process, possibly a combustion (which is a chemical reaction 
process) together with several reactions amongst the combustion products. 
Whereas the combustion is a one-way process (irreversible) the chemical 
equilibrium is a reversible process that can proceed in both directions. 

14.4 

Must P and T be held fixed to obtain chemical equilibrium? 

No, but we commonly evaluate the condition of chemical equilibrium at a 
state corresponding to a given temperature and pressure. If T and P changes in a 
process it means that the chemical composition adjusts towards equilibrium and 
the composition changes along with the process. 
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14.5 

The change in Gibbs function AG° for a reaction is a function of which property? 

The change in Gibbs function for a reaction AG is a function of T and P. 
The change in standard-state Gibbs function AG° is a function only of T. 
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14.6 

In a steady flow burner T is not controlled, which properties are? 

The pressure tends to be constant, only minor pressure changes due to 
acceleration of the products as density decreases velocity must increase to have 
the same mass flow rate. The product temperature depends on heat losses 
(radiation etc.) and any chemical reactions that may take place generally lowering 
the temperature below the standard adiabatic flame temperature. 

14.7 

In a closed rigid combustion bomb which properties are held fixed? 

The volume is constant. The number of atoms of each element is 
conserved, although the amounts of various chemical species change. As the 
products have more internal energy but cannot expand the pressure increases 
significantly. 
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14.8 

Is the dissociation of water pressure sensitive? 

Yes, since the total number of moles on the left and right sides of the 
reaction equation(s) is not the same. 

14.9 

At 298 K, K = exp(-184) for the water dissociation, what does that imply? 

This is an extremely small number, meaning that the reaction tends to go 
strongly from right to left - in other words, does not tend to go from left to right 
(dissociation of water) at all. 
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14.10 

If a reaction is insensitive to pressure prove that it is also insensitive to dilution 
effects at a given T. 

Assume the standard reaction we used to develop the expression for the 
equilibrium constant: A + v B B <=> Vp C + v D D 

let us assume we add an inert component E so the total moles become: 
n tot = n A + n B + n C + n D + n E 


This will now lower the mole fractions of A, B, C, and D. If the reaction is 
pressure insensitive then: v,y + v B = Vp + Vg> and the equilibrium equation 
becomes: 


K = 


V C V D 

v y D 

y V A y V B 




p°; 


V- 


V C + V D - V A - V B 


V C V D 
y c y D 

y v a y V B 
J A ■’B 


Since each y\ = n-J n tot we get: 


K = 


„ V C V D Vp V D 

Y C y D ( n C /n tot) (V n tot) 


y V A y V B 
J A J B 

V C V D 
n u 

_C D_ 

Va V R 
n A n K 
A B 


V A V B 

( n A /n tot) ( n B /n tot) 


V A + V B “ V C “ V D 


n 


tot 


V C V D 
_C D_ 

Va V R 

n A n b 
A B 


Now we see that the total number of moles that includes n E does not enter the 
equation and thus will not affect any progress of the reaction. 
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14.11 

For a pressure sensitive reaction an inert gas is added (dilution), how does the 
reaction shift? 


Assume the standard reaction we used to develop the expression for the 
equilibrium constant: v A A + v B B <=> C + v D D 
let us assume we add an inert component E so the total moles become: 
n tot = n A + n B + n C + n D + n E 

This will now lower the mole fractions of A, B, C, and D. If the reaction is 
pressure sensitive then: v A + v B v c + v D and the equilibrium equation 
becomes: 


K = 


v c v D 

y c y D 

y v a y V B 
y A -’b 


f T3 V 


P °) 


V 


v c + V D - V A - V B 


Since each yj = nj / n tot we get: 


K = 


v c V£) 

( n c /n tot) 

V A v B 

( n A /n tot) ( n B /n tot) 




V C + V D ” V A “ V B 


V 


p °J 


V C V D 
n u 

_C D_ 

V A V B 
n A n 15 
A B 


(_P_\ V C + V D ” V A ” V B 

P° n 
v r n toty 


As n tot is raised due to n E it acts as if the pressure P is lowered thus pushing the 
reaction towards the side with a larger number of moles. 
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14.12 

In a combustion process is the adiabatic flame temperature affected by reactions? 

The adiabatic flame temperature is lower due to dissociation reactions of 
the products as those products absorb some of the energy, i.e. 2 O atoms have 
more energy, h = 2(249 170 + Ah) than a single Ch molecule, h = Ah, see Table 

A. 9. The temperature is also influenced by other reactions like the water gas 
reaction. 
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14.13 

In equilibrium Gibbs function of the reactants and the products is the same; how 
about the energy? 

The chemical equilibrium mixture at a given T, P has a certain total 
internal energy. There is no restriction on its division among the constituents. 
The conservation of energy from the reactants to the products will determine the 
temperature so if it takes place in a fixed volume (combustion bomb) then U is 
constant whereas if it is in a flow (like a steady flow burner) then H is constant. 
When this is combined with chemical equilibrium it is actually a lengthy 
procedure to determine both the composition and the temperature in the actual 
process. 
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14.14 

Does a dissociation process require energy or does it give out energy? 

Dissociation reactions require energy and is thus endothermic. Notice 
from Table A. 9 that all the atoms (N, O, H) has a much higher formation enthalpy 
than the diatomic molecules (which have formation enthalpy equal to zero). 
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14.15 

If I consider the non-frozen (composition can vary) specific heat, but still assume 
all components are ideal gases, does that C become a function of temperature? of 
pressure? 

The non-frozen mixture heat capacity will be a function of both T and P, 
because the mixture composition depends on T and P, while the individual 
component specific heat capacities depend only on T. 
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14.16 

What is K for the water gas reaction in Example 14.4 at 1200 K? 


Using the result of Example 14.4 and Table A.l 1 


1 

In K = 2 ( In K : - In K„ ) 

= 0.5 [-35.736 -(-36.363)] = + 0.3135 , 


K = 1.3682 
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14.17 


What would happen to the concentrations of the monatomic species like O, N if 
the pressure is higher in Fig. 14.1 1 

Since those reaction are pressure sensitive (more moles on RHS than on 
LHS) the higher pressure will push these reactions to the left and reduce the 
concentrations of the monatomic species. 
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Equilibrium and Phase Equilibrium 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or 
instructional purposes only to students enrolled in courses for which the textbook has been adopted. Any other 
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the bl976 United States 
Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


14.18 

Carbon dioxide at 15 MPa is injected into the top of a 5-km deep well in 
connection with an enhanced oil-recovery process. The fluid column standing in 
the well is at a uniform temperature of 40°C. What is the pressure at the bottom of 
the well assuming ideal gas behavior? 


Z 


1 


z 


2 





CO 2 


cb 


(Z, - Z 2 ) = 5000 m, P, = 15 MPa 

T = 40 °C = constant 
Equilibrium at constant T 
— Wrev = 0 = Ag + APE 

= RTln(P 2 /P 1 ) +g(Z 2 -Z 1 ) = 0 


In (P 2 /Pj) 


9.807x5000 

_ n 8987 

1000x0.188 92x313.2 


P 2 = 15 MPa exp(0.8287) = 34.36 MPa 
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14.19 

Consider a 2-km-deep gas well containing a gas mixture of methane and ethane at 

a uniform temperature of 30°C. The pressure at the top of the well is 14 MPa, and 
the composition on a mole basis is 90% methane, 10% ethane. Each component is 
in equilibrium (top to bottom) with dG + g dZ = 0 and assume ideal gas, so for 
each component Eq.14.10 applies. Determine the pressure and composition at the 
bottom of the well. 


Z 


1 


z 


2 


Gas 

mixture 
A + B 

cb 


(Z, - Z 2 ) = 2000 m, Let A = CH 4 , B = C.,H 6 
P 1 = 14 MPa, y A1 = 0.90, y B1 =0.10 
T = 30 °C = constant 

From section 14.1, for A to be at equilibrium between 


1 and 2: Wj^y - 0 - n A (G A1 - G A2 ) + n A M A g (Z 1 - Z 2 ) 

Similarly, for B: W REV = 0 = n B (G B1 - G B2 ) + n B M B g (Z 1 - Z 2 ) 


Using eq. 14.10 for A: RT In (P A2 /P A i) = M A g (Z, - Z 2 ) 

with a similar expression for B. Now, ideal gas mixture, P A1 = y A1 P, etc. 


Substituting: In 


Ya 2^2 _ M A g(Zi-Z 2 ) 
yAi p i “ 


and 


In 


RT 


yB2 P 2 M Bg( Z l~ Z 2) 
yBl P l 


RT 


16.04x9.807(2000) 

ln(y A2 P 2 )-ln(0.9xl4) + 1000x8 31 45 x30 3 2 - 2 - 6585 

=> y A2 p 2 = 14.2748 

30.07x9.807(2000) 

ln(y B 2 P 2)-ln(0. 1 x 14 ) + 1000x8 _ 31 4 5x303 _ 2 -0-570 43 


-> Yb2 ^2 — (1 — Ya 2) ^2 — 1-76903 
Solving: P 2 = 16.044 MPa & y A2 = 0.8897 
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14.20 

A container has liquid water at 20°C , 100 kPa in equilibrium with a mixture of 

water vapor and dry air also at 20°C, 100 kPa. How much is the water vapor 
pressure and what is the saturated water vapor pressure? 


From the steam tables we have for saturated liquid: 

P g = 2.339 kPa, v f = 0.001002 m 3 /kg 

The liquid is at 100 kPa so it is compressed liquid still at 20°C so from 
Eq. 14. 15 at constant T 

gliq - gf = / v dP = v f (P - P g ) 


The vapor in the moist air is at the partial pressure P v also at 20°C so we 
assume ideal gas for the vapor 

, p v 

gvap - gg = / v dP = RT In p- 

g 

We have the two saturated phases so g f = g g ( q = h fg = Ts fg ) and now 
for equilibrium the two Gibbs function must be the same as 


leaving us with 


In 



P v 

gvap = gliq = RT ^ W + g g = Vf (P - P g ) + gf 

g 


0.001002(100-2.339) 
v f (P - P g )/ RT - 0.4615 x 293.15 


0.000723 


P v = P g exp(0.000723) = 2.3407 kPa. 

This is only a minute amount above the saturation pressure. For the moist 
air applications in Chapter 11 we neglected such differences and assumed the 
partial water vapor pressure at equilibrium (100% relative humidity) is P . 

The pressure has to be much higher for this to be a significant difference. 
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14.21 

Using the same assumptions as those in developing Eq. d in Example 14.1, 
develop an expression for pressure at the bottom of a deep column of liquid in 

terms of the isothermal compressibility, [i T . For liquid water at 20°C, P T = 0.0005 

[1/MPa]. Use the result of the first question to estimate the pressure in the Pacific 
ocean at the depth of 3 km. 


d g T = v° (1 - P T P) dP T d g T + g dz = 0 

v° (1 - P T P) dP T + g dz = 0 and integrate Jv°(l-|3 T P) dP T = - g Jdz 

JV (l-P/)dP T = + ^J+H dz => P-P 0 -P T i[P 2 -P 0 2 ]=^H 

p(i-5P t p) = p 0 -5P t p 0 2 + ^h 

v° = v f 2Q0C = 0.001002; H = 3000 m, g = 9.80665 m/s 2 ; p T = 0.0005 1/MPa 

P (1 - \ x 0.0005 P) = 0.101 - \ x 0.0005 x 0.101 2 

+ [9.80665 x 3000/0.001002] x 10' 6 
= 29.462 MPa, which is close to P 
Solve by iteration or solve the quadratic equation 

P = 29.682 MPa 
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Chemical Equilibrium, Equilibrium Constant 
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14.22 


Which of the reactions listed in Table A.l 1 
Check if: v A + v B ± v c + v D 

are pressure sensitive? 

Reaction 

Check 

P sensitive? 

H 2 <=> 2H 

1 <2 

yes 

0 2 <=> 20 

1 <2 

yes 

N 2 <=> 2N 

1 <2 

yes 

2 H 2 0 2 H 2 + 1 0 2 

2 < 3 

yes 

2 H 2 0 <=> 2 H 2 + 2 OH 

2 < 4 

yes 

2 C0 2 <=> 2 CO + 1 0 2 

2 < 3 

yes 

N 2 + 0 2 <=> 2 NO 

2 = 2 

no 

N 2 + 20 2 <=> 2 N0 2 

3 > 2 

yes 


Most of them have more moles on RHS and thus will move towards the RHS if 
the pressure is lowered. Only the last one has the opposite and will move towards 
the LHS if the pressure is lowered. 
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14.23 

Calculate the equilibrium constant for the reaction 0 2 <=> 20 at temperatures of 
298 K and 6000 K. Verify the result with Table A. 1 1. 

Reaction 0 2 <=> 20 

At 25 °C (298. 15 K): 


AH 0 

AS 0 

AG° 


= 2hf 0 - lhf 02 = 2(249 170) - 1(0) = 498 340 kJ/kmol 

= 2sq- 1sq2 = 2(161.059)- 1(205.148)= 116.97 kJ/kmolK 
= AH 0 - TAS° = 498 340 - 298.15x116.97 = 463 465 kJ/kmol 
AG° 463 465 


In K = - 


RT 


8.3145x298.15 


= - 186.961 


At 6000 K: 


AH 0 = 2(249 170 + 121 264) - (0 + 224 210) = 516 658 kJ/kmol 
AS 0 = 2(224.597) -1(313.457) = 135.737 kJ/kmol K 


AG° = 516 658 - 6000x135.737 = -297 764 kJ/kmol 

+297 764 

lnK _ 8.3145x6000 - +5 ‘ 969 
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14.24 

Calculate the equilibrium constant for the reaction H 2 <=> 2H at a temperature of 

2000 K, using properties from Table A. 9. Compare the result with the value listed 
in Table A.ll. 

From Table A. 9 at 2000 K we find: 

Ahxr = 52 942 kJ/kmol; s H = 188.419 kJ/kmol K; h? = 0 

n 2 n 2 I 

Ah H = 35 375 kJ/kmol; s H = 154.279 kJ/kmol K; h° = 217 999 kJ/kmol 

AG = AH - TAS = H rhs - H lhs - T (S rhs - S LHS ) 

= 2 x (35 375 + 217 999) - 52943 - 2000(2x154.279 - 182.419) 

= 213 528 kJ/kmol 

In K = -AG°/RT = -213 528 / (8.3145 x 2000) = -12.8407 
TableA.il In K = -12.841 OK 
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14.25 

For the dissociation of oxygen, 0 2 <=> 20, around 2000 K we want a 

mathematical expression for the equilibrium constant K(T). Assume constant heat 
capacity, at 2000 K, for 0 2 and O from Table A. 9 and develop the expression 

fromEqs. 14.12 and 14.15. 


From Eq.14.15 the equilibrium constant is 

AG° 


K = exp(-^^); AG° = AH' 7 - T AS 
RT 


r0 


>0 


and the shift is 


-O -O 


AG° = 2 h G - h Q2 - T(2sq - sq 2 ) 


Substitute the first order approximation to the functions h and s° as 

_ t 

h = h 2 ooo k + C p (T - 2000) ; s° = s 2000 k + C p In 2 qqq 


The properties are from Table A. 9 and R = 8.3145 kJ/kmol K 
Oxygen 0 2 : h 2000 k = 59 176 kJ/kmol, s 2000 k = 268.748 kJ/kmol K 


C P = 


^2200 k _ h 2200 K 66 770 - 5 1 674 


2200- 1800 


400 


= 37.74 kJ/kmol K 


Oxygen O: h 2000 K = 35 713 + 249 170 = 284 883 kJ/kmol, 

s 2000 K = 201.247 kJ/kmol K 


C P = 


^2200 k _ h 2200 K 39 878-31 547 


2200- 1800 
Substitute and collect terms 

.0 


400 


= 20.8275 kJ/kmol K 


ACf Atf AS 0 AH 2000 AC p 20Q0 |- T - 2000 r _T 


RT RT 


R 


RT 


R 


T 


-In 


2000 


] 


AS 


o 

2000 


R 


Now we have 


AH 2000 /R = (2 X 284 883 - 59 176)78.3145 = 61 409.6 K 
AC p 2000 /R = (2 x 20.8275 - 37.74)/8.3145 = 0.470864 
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AS2000/R = (2 x 201.247 - 268. 748)/8. 3145 = 16.08587 

so we get 

AG° 61 409.6 r T — 2000 T n 

~ ^ + 0.470864 [ ^ - In 2000 J - 16.08587 

RT 

60 467.9 T 

= ^ - 15.615 - 0.470864 In 2000 

Now the equilibrium constant K(T) is approximated as 

r 60 467.9 T n 

K(T) = exp [ 15.615- + 0.470864 In J 


Remark: We could have chosen to expand the function AG 0 / RT as a linear 
expression instead or even expand the whole exp(-AG 0 / RT) in a linear function. 
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14.26 

Find K for: CCh <=> CO + I/ 2 O 2 at 3000 K using A. 1 1 

The elementary reaction in A. 1 1 is : 2 CO 2 <=> 2CO + O 2 
so the wanted reaction is (1/2) times that so 

K = K^ n = Vexp(-2.21 7 ) =yjo. 108935 = 0.33 
or 


In K = 0.5 In K A u = 0.5 (-2.217) = -1.1085 
K = exp(- 1.1085) = 0.33 
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14.27 

Plot to scale the values of In K versus 1 IT for the reaction 2 C0 2 <=> 2 CO + 0 2 . 
Write an equation for In K as a function of temperature. 

2 C0 2 <=> 2 CO + 1 0 2 


T(K) 

10 4 x y 

In K 

T(K) 

10 4 x y 

In K 

2000 

5.000 

-13.266 

4000 

2.500 

3.204 

2400 

4.167 

-7.715 

4500 

2.222 

4.985 

2800 

3.571 

-3.781 

5000 

2.000 

6.397 

3200 

3.125 

-0.853 

5500 

1.818 

7.542 

3600 

2.778 

1.408 

6000 

1.667 

8.488 


For the range 
below ~ 5000 K, 

in K * A + B/T 

Using values at 
2000 K & 5000 K 

A = 19.5056 
B = -65 543 K 
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14.28 

Consider the reaction 2 C0 2 <=> 2 CO + 0 2 obtained after heating 1 kmol C0 2 to 

3000 K. Find the equilibrium constant from the shift in Gibbs function and verify 
its value with the entry in Table A.l 1. What is the mole fraction of CO at 3000 K, 
100 kPa? 

From Table A.9 we get: 


Ah co = 93 504 

hf co = - HO 527 

s co = 273.607 

Ah co = 152 853 

hf co 9 = -393 522 

s co 2 = 334.17 

Ah 0 =98 013 

2 

s Q =284.466 

2 



AG° = AH - TAS = 2 H CQ + H - 2 H - T (2s co + s 0? - 2s co? ) 

= 2 (93 504 - 1 10 527) + 98 013 + 0 - 2(152 853 - 393 522) 
-3000(2x273.607 + 284.466 - 2x334.17) = 55 285 

In K = -AG°/RT = -55 285/ (8.31451x3000) = -2.2164 
TableA.il In K = -2.217 OK 


At 3000 K, 

In K = -2.217 
K = 0.108935 


2 C0 9 <=> 2 CO + 1 0 2 

Initial 1 0 0 

Change -2z +2z +z 

Equil. l-2z 2z z 


We have P = P° = 0.1 MPa, and n tot = 1 + z, so from Eq. 14.29 


Wo 2 p 

K= 


y 


co 2 


f 2z ^ 

2 

f z ) 

U - 2z J 


J + zy 


(1) = 0.108935 ; 


4 z 3 = 0.108935 (1 - 2zf(l + z) => z = 0.22 


y co = 2z / (1 + z) = 0.36 
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14.29 

Carbon dioxide is heated at 100 kPa. What should the temperature be to see a 
mole fraction of CO as 0.25? For that temperature, what will the mole 
fraction of CO be if the pressure is 200 kPa? 

2 C0 9 <=> 2 CO + 1 0 9 

Initial 1 0 0 

Change -2z +2z +z 

Equil. l-2z 2z z 


We have P = P° = 0.1 MPa, and n tot = 1 + z, so from Eq. 14.29 
y C o = ITI = 0.25 => z= 1/7 


K = 


y C oy 0 2 p 


y 


co 2 


( p o) - 


f 2z ? 

2 

f z "I 

(1)= 

r 2 ^ 

2 

r i ^ 

U - 2z J 


ll +zj 

v - 2) 


v7 + ij 


= 0.02 


In K = - 3.912 fromA.il T = 2785 K 


yc 0 y 0 , P 

K = 0.02 = “ to) = 

y co 2 


f 2z ? 

2 

f z ) 

ll - 2z; 


U + Zy 


( 2 ) => 


z 3 = 0.0025 (1 - 2z) 2 (l + z) => z = 0.11776 

y C ° = i + z = 0.2107 
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14.30 

Assume a diatomic gas like 0 2 or N 2 dissociate at a pressure different from P 0 . 

Find an expression for the fraction of the original gas that has dissociated at any T 
assuming equilibrium. 


Look at initially 1 mol Oxygen and shift reaction with x 



0 2 

<=> 20 


Species 

0 2 

0 


Initial 

1 

0 


Change 

-X 

2x 


Equil. 

1— X 

2x 

n tot = l- x + 2x=l+x 



2x 

1 -X 



= , , and 

1 + X 

y Q 2 “ 1 + x 


Substitute this into the equilibrium equation as 


_ y 0 /j\ 2 -i _ 4x 2 1 + x ._F\ 

^•T _ ,, VP / - /t . „\7 1 v vp / 


y 0 2 ' P . 


4x 2 . P , 

vp ) 


(l+x)2 1-x v P/ l-x 2V P 0 


Now solve for x as 


x 2 = (1 - x 2 ) 


k t p 0 

4P 


x = 



K 


T 


4(P/P 0 ) + K x 
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14.31 

Hydrogen gas is heated from room temperature to 4000 K, 500 kPa, at 
which state the diatomic species has partially dissociated to the monatomic 
form. Determine the equilibrium composition at this state. 

H 2 <=> 2 H Equil. n H2 = 1 - x 

-x +2x n._ = 0 + 2x 

hi 

n = 1 + x 

(2x) 2 P 2 1 

K = ( 1 . X )( 1 +X) ' at 4000 K: ln K = °- 934 => K = 2-545 

4x(500/100) = °' 127 25 = 1^2 Solving, x = 0.3360 
n = 0.664, n = 0.672, n to t = 1.336 

riZ rl 

y H2 = 0.497, y H = 0.503 
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14.32 

Consider the dissociation of oxygen, 0 2 <=> 2 O, starting with 1 kmol oxygen at 

298 K and heating it at constant pressure 100 kPa. At which temperature will we 
reach a concentration of monatomic oxygen of 10%? 


Look at initially 1 mol Oxygen and shift reaction with x 

0 2 <=> 2 O 


Species 0 2 

Initial 1 

Change -x 
Equil. 1-x 


y o = m = 0 - 1 => x = 0. 1/(2 -0.1) = 0.0526, y 02 = 0.9 
y 0 , P. 2-1 0.1 2 

K = — (^-) = -^yl =0.01111 => In K = -4.4998 

y 0 2 o 

NowlookinTableA.il: T = 2980 K 


O 

0 

2x 

2x n tot = l- x + 2x=l+x 
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14.33 

Redo Problem 14.32 for a total pressure of 40 kPa. 


Look at initially 1 mol Oxygen and shift reaction with x 

0 2 <=> 2 O 


Species 0 2 

Initial 1 

Change -x 
Equil. 1-x 


y o = m = 0 - 1 => x = 0. 1/(2 -0.1) = 0.0526, y 02 = 0.9 

y 0 / p,2-t o.i 2 

K = — (p-) = 0.4 = 0.004444 => In K = -5.4161 

y 0 2 o 

NowlookinTableA.il: T = 2856 K 


O 

0 

2x 

2x n tot = l- x + 2x=l + x 
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14.34 

Redo Problem 14.32, but start with 1 kmol oxygen and 1 kmol helium at 298 K, 
100 kPa. 


Look at initially 1 mol Oxygen and shift reaction with x 

0 2 <=> 2 O 


Species 0 2 

Initial 1 

Change -x 
Equil. 1-x 


O He 

0 1 

2x 

2x 1 n tot = l- x + 2x+l=2 + x 


y o = 2~+~x = 0-1 => x = 0.2/(2- 0.1) = 0.10526, 
y 02 = (1 - x)/(2 + x) = 0.425 

Yo .P. 2-1 0.1 2 

K = — (^-) = (f425 1 = 0-023529 => in K = -3.7495 

y 0 2 o 

NowlookinTableA.il: T = 3094 K 
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14.35 

Calculate the equilibrium constant for the reaction:2C0 2 <=> 2CO + 0 2 at 3000 K 
using values from Table A. 9 and compare the result to Table A.l 1. 


From Table A.9 we get: 

kJ/kmol kJ/kmol 


Ah co = 93 504 


- O 


h f CO = -110 527 


Ah co = 152 853 


o 


hf co 9 = -393 522 


Ah 0 =98 013 

2 


O 


hf o, = 0 


kJ/kmol K 
s co = 273.607 

s co 2 = 334.17 

s 0 =284.466 

2 


AG° = AH - TAS = 2 H CQ + H - 2 H CQ - T (2s co + s Q? - 2s co ,) 

= 2 (93 504 - 1 10 527) + 98 013 + 0 - 2(152 853 - 393 522) 
-3000(2x273.607 + 284.466 - 2x334.17) = 55 285 kJ/kmol 

In K = -AG°/RT = -55 285/ (8.31451x3000) = -2.2164 
TableA.il In K = -2.217 OK 
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14.36 

Find the equilibrium constant for: CO + I/ 2 O 2 <=> CO 2 at 2200 K using Table 
A.ll 


The elementary reaction in A.l 1 is: 2 CO 2 <=> 2CO + O 2 
The wanted reaction is therefore (-0.5) times that so 


K = K An = 1 / ^exp(- 10.232) = 1 / V 0.000036 = 166.67 
or 


In K = -0.51nK A11 =-0.5 (-10.232) = 5.116 
K = exp(5. 116)= 166.67 
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14.37 

Pure oxygen is heated from 25 °C to 3200 K in an steady flow process at a 
constant pressure of 200 kPa. Find the exit composition and the heat transfer. 


The only reaction will be the dissociation of the oxygen 

0 9 20 ; FromA.il: K(3200) = exp(-3. 069) = 0.046467 

Look at initially 1 mol Oxygen and shift reaction with x 

n 02 = 1 - x ; n o = 2x ; n tot = 1 + x; Yi = n i/n tot 


K = 


y 


o 


y 


o 2 


(irf 1 


o 


4x 2 1 + x 8x 2 

(1 + x) 2 1 - x 2 _ 1 - x 2 


7 K/8 

x” = TTk/ 8 ^ x = 0.07599; 

yo 2 = frf =0 - 859; y 0 = y 02 = °- 141 


q = n h„ + n„ h„ - h = (1 + x)(y„ h„ + y.FA - 0 

^ 02ex 02ex Oex Oex (^m v J ^2 ^0 O 7 

h„ = 106 022 kJ/kmol; h„ = 249 170 + 60 767 = 309 937 kJ/kmol 

l>2 U 


q= 145 015 kJ/kmol O, 


q = q/32 = 4532 kj/kg ( = 3316.5 if no reaction) 
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14.38 

Nitrogen gas, N 2 , is heated to 4000 K, 10 kPa. What fraction of the N 0 is 
dissociated to N at this state? 


N 2 <=> 2 N 


@ T = 4000 K, lnK = -12.671 


Initial 1 0 

Change -x 2x 

Equil. 1-x 2x 


K = 3.14xl0" 6 
n tot = l- x + 2x=l+x 


1 -x 

y N2 “ 1 + x ’ 


2x 

y N=l+ x 


2 


YN 


K = 


YN2 


1 

- X 

y N2~ 1 + x 


2-1 

; => 

= 0.9944, 


3.14xl0" 6 = 


4x 2 no 3 
1 . x 2 UOOj 


2x 

y N = 1 + x 


0.0056 


=> x = 0.0028 
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14.40 


One kilomole Ar and one kilomole 0 2 are heated up at a constant pressure of 

100 kPa to 3200 K, where it comes to equilibrium. Find the final mole 
fractions for Ar, 0 2 , and O. 

The only equilibrium reaction listed in the book is dissociation of 0 2 . 

So assuming that, we see in Table A.l 1: ln(K) = -3.072 

Ar + 0 2 => Ar + (1 - x) 0 2 + 2x O 

The atom balance already shown in above equation can also be done as 


Species 

Start 

Change 


Ar 

1 

0 


0 2 

1 

-x 


O 

0 

2x 


Total 


1 


1-x 2x 


The total number of moles is n tot = l + l-x + 2x = 2 + x so 

y Ar = 1/(2 + x); y 02 = 1 - x/(2 + x); y 0 = 2x/(2 + x) 

and the definition of the equilibrium constant (P tot = P Q ) becomes 

4x 2 


K = e' 3072 = 0.04 6 33 = 


Yo 


Yoo (2 + x)(l - x) 


The equation to solve becomes from the last expression 

(K + 4)x 2 + Kx - 2K = 0 
If that is solved we get 

x = -0.0057 ± 0.1514 = 0.1457; x must be positive 
y Q = 0.1358; y 0? = 0.3981; y Ar = 0.4661 
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14.41 

Air (assumed to be 79% nitrogen and 21% oxygen) is heated in a steady state 
process at a constant pressure of 100 kPa, and some NO is formed. At what 
temperature will the mole fraction of NO be 0.001? 


0.79 N 9 + 0.21 0 ? heated at 100 kPa, forms NO 

N 0 + 0 2 <=> 2 NO n N2 = 0.79 - x 

-x -x +2x n Q7 = 0.21- x 

n No = ° +2x 

n tot =1-0 

2x 

At exit, y N0 = 0.001 = y"q => x = 0.0005 
=^> n N2 = 0.7895, n Q9 = 0.2095 

2 t. 

Yno /P\ n 10 6 h 

K = V >02 P" = 0J895^X2095 = 6 ' 046x 10 « lnK = -12.016 

From Table A. 11, T = 1444 K 
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14.42 

Pure oxygen is heated from 25 °C, 100 kPa to 3200 K in a constant volume 
container. Find the final pressure, composition, and the heat transfer. 

As oxygen is heated it dissociates 

O, <=> 20 In K =-3.069 fromtableA.il 

2 eq 

C. V. Heater: U 2 - Uj = jQ 2 = H 2 - Hj - P 2 v + PjV 

Per mole 0 2 : : q 9 = h 2 - h 1 + R[Tj - (n^n^T^ 

Shift x in reaction 1 to have final composition: (1 - x)0 0 + 2x0 
nj = l m, = l- x + 2x=l+x 

y Q = (1 - X V(1 + x) ; y Q = 2x/(l + x) 


Ideal gas and V, = V 1 => P, = P^T^n^ => P,/P Q = (1 + x)T/Tj 

Substitute the molefractions and the pressure into the equilibrium equation 

2 

wq Y6 dU 2x ,1+x 1+x T 2 

K e, = e = id ( f? = <— ) <—> ^ 


= = 0.00433 

1 - X Tt 


x = 0.0324 


The final pressure is then 

T 2 3200 

P 2 = P o (l + x)^r = 100 (1 + 0.0324) x = 1108 kPa 

(n Q ) = 0.9676, (n Q ) = 0.0648, n 2 = 1.0324 


q 7 = 0.9676 x 106022 + 0.0648 (249170 + 60767) - 0 


1”2 


+ 8.3145 (298.15 - 1.0324 x 3200) = 97681 kJ/kmolO, 


0.9676 

y O ? “ 1.0324 -°- 937; 


0.0648 

y O“ 1.0324 -°- 0628 
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14.43 

Find the equilibrium constant for the reaction 2NO + 0 9 <=> 2NO, from the 

elementary reactions in Table A.ll to answer which of the nitrogen oxides, NO or 
NO,,, is the more stable at ambient conditions? What about at 2000 K? 

2 NO + O, <=> 2 NO, (1) 

But N, + 0 2 <=> 2 NO (2) 

N 2 +2 0,^2N0, (3) 

Reaction 1 = Reaction 3 - Reaction 2 

=> AG? = AG? - AG? => In Kj = In K 3 - In K, 

At 25 °C, from Table A.ll: In = -41.355 - (-69.868) = +28.513 

or K 1 = 2.416xl0 12 

an extremely large number, which means reaction 1 tends to go very strongly 
from left to right. 

At 2000 K: InKj = -19.136 - (-7.825) = - 11.311 or = 1.224 x 10' 5 

meaning that reaction 1 tends to go quite strongly from right to left. 
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14.44 

Assume the equilibrium mole fractions of oxygen and nitrogen are close to those 
in air, find the equilibrium mole fraction for NO at 3000 K, 500 kPa disregarding 
dissociations. 

Assume the simple reaction to make NO as: 


n 2 + 

0 2 « 

2 NO 

Ar 

n N2 = 0.78 - x 

0.78 

0.21 

0 

0.01 

n 02 = 0-21 - x 

-X 

-X 

+2x 


n NO = 2x ’ n ar = 0 - 01 

0.78-x 

0.2 1-x 

2x 

0.01 

O 

r- H 

II 

4— » 

o 

4-» 

c 


From A. 1 1 at 3000 K, In K = -4.205, K = 0.014921 


K_ (0.78-x)(0.21 -x) V' ° 
x 2 0.014921 

(0.78 - x)(0.21 - x) - 4 -0-00373 and 0<x<0.21 

2x 

Solve for x: x = 0.0230 ■=> y NQ = = 0.046 
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14.45 

The combustion products from burning pentane, C-H p , with pure oxygen in a 

stoichiometric ratio exists at 2400 K, 100 kPa. Consider the dissociation of only 
C0 2 and find the equilibrium mole fraction of CO. 

C 5 H ]2 + 8 0 2 -> 5 CO,, + 6 R,0 

At 2400 K, 2 C0 2 2 CO + 1 0 2 

In K = -7.715 Initial 5 0 0 

K = 4.461 x 10' 4 Change -2z +2z +z 

Equil. 5-2z 2z z 


Assuming P = P° = 0. 1 MPa, and n tot = 5 + z + 6= ll+z 


K = 


yc 0 y 02 P 


y 


co 2 


(p = 


f 2z ^ 

2 

f z "i 

b - 2z \) 


Ul + Zy 


(1) = 4.461 x 10' 4 ; 


Trial & Error (compute LHS for various values of z): z = 0.291 


n„„ =4.418; m, = 0.582; n_ =0.291 => 

CU2 CU 


y co = 00515 
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14.46 

A mixture flows with 2 kmol/s CCb, 1 kmol/s argon and 1 kmol/s CO at 298 K 

and it is heated to 3000 K at constant 100 kPa. Assume the dissociation of carbon 
dioxide is the only equilibrium process to be considered. Find the exit equilibrium 
composition and the heat transfer rate. 


Reaction 

2C0 2 

2 CO + 

°2 

Ar 

initial 

2 

1 

0 

1 

change 

-2x 

+2x 

+X 


equil. 

2 - 2x 

1 + 2x 

X 

1 

From Table A.ll: 






2 

yco y 02 / p \ 3-2 

K = exp( -2.217) = 0.108935 = 2 (^) 

yco2 ° 

(1 + 2x) 2 x (4 + x) 2 / d_ x (1 + 2x) 2 1 

_ (4 + x) 2 4 + x (2-2x) 2 ^ ~4 4 + x (1 - x ) 2 

then 

0.43574 (4 + x) (1 - x) 2 = x (1 + 2x) 2 
trial and error solution gives x = 0.32136 

The outlet has: 1.35728 C0 2 + 1.64272 CO + 1 Ar + 0.32136 0 9 

Energy equation gives from Table A. 9 and A. 5 (for argon C p AT) 

Q — ^ ! Ax h e x ' ^ ! hj n h in 

= 1.35728 (152853 - 393522) + 1.64272 (93504 - 110527) 

+ 1 (39.948 x0.52 x (3000 - 298)) + 0.32136 (98013) 

- 2 (-393522) - 1(-1 10527) - 1 (0) 

= 630 578 kW 
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14.47 

A mixture of 1 kmol carbon dioxide, 2 kmol carbon monoxide, and 2 kmol 
oxygen, at 25°C, 150 kPa, is heated in a constant pressure steady state process to 
3000 K. Assuming that only these same substances are present in the exiting 
chemical equilibrium mixture, determine the composition of that mixture. 


initial mix: 

1 C0 2 , 2 CO, 

2 0 . 




Constant 

pressure 

reactor 


> 


Vv 


Q 


Equil. mix: 
C0 2 , CO, 0 9 at 

T = 3000 K, 

P= 150 kPa 


Reaction 

2C0 2 

<=> 2 CO + 

°2 

initial 

1 

2 

2 

change 

-2x 

+2x 

+x 

equil. 

(1 - 2x) 

(2 + 2x) 

(2 + x) 



-2x + 2 + 2x + 2 + x = 5+ x 


so y = n/ n 

J tot 


FromA.il at 3000 K: K = exp(-2.217) = 0.108935 
For each n>0 => -1 < x < +4 


K = 


ycoy 02/ po 


1 + x \2 /2 + x\ ,150 


yco2 


/ r \ l / i -r a \ ^ /z, i- a\ 

fe) =AiT2i) (jtJ W = 0 108935 


or 


n 


C02 


n 


co 


/ \ + X \ 2 

,2 + X' 





(l-2x) 

C +x< 

) =0.018 

156, 

Trial & 





v = 

= 0.4559 

= 2.042 

= 

1.479 


J C02 



02 


f 2 

V = 

0.2139 

= 0.958 

n f = 

4.479 


^co 



tot 



- ^02 " 

0.3302 
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14.48 

Acetylene gas Acetylene gas, C 2 H 2 , is burned with stoichiometric air in a torch. 
The reactants are supplied at the reference conditions P 0 , T 0 . The products come 

out from the flame at 2800 K after a small heat loss by radiation. Consider the 
dissociation of C0 2 into CO and 0 2 and no others. Find the equilibrium 

composition of the products. Are there any other reactions that should be 
considered? 


Combustion: C 2 H 2 + 2.5 (0 2 + 3.76N 2 ) -> 2 C0 2 + 1 H 9 0 + 9.4 N 2 

At 2800 K, 2 C0 2 <=> 2 CO + 1 0 2 H,0 N 


In K = -3.781 
K = 0.0228 


Initial 

Change 


2 

-2z 


0 

+2z 


0 

+z 


h 2 o 

1 

0 


2 

9.4 

0 


Equil. 


2-2z 2z 


1 9.4 


Assuming P = P° = 0. 1 MPa, and n tot = 2 + z + 1 + 9.4 = 12.4 + z 

„ 2 X, 


K = 


y co y o 2 p / 2z 
— ~ — Crrl = T— : 


y 


co 2 


f 2z ? 

2 

f z "i 

v 2 - 2zj 


U2.4 + z) 


(1) = 0.0228; 


Solve: z 3 = 0.0228 (1 - z) 2 (12.4 + z) => z = 0.4472 

y co=i 2.4 + z = °- 0696; y co 2 = i 2.4 + z = °- 086 ; y 02 = 12.4 + z 
y H20 = 12.4 + z = °- 0778; yN2 = 12.4 + z = 0,7317 


= 0.0348 


Looking in A.l 1 there will be no dissociation of nitrogen and only a small 
dissociation of water and oxygen which could be included. 
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Consider combustion of methane with pure oxygen forming carbon dioxide and 
water as the products. Find the equilibrium constant for the reaction at 1000 K. 
Use an average heat capacity of Cp = 52 kJ/kmol K for the fuel and Table A. 9 for 
the other components. 

For the reaction equation, 

CH 4 +20, o C0 2 + 2 H,0 

At 1000 K from Table A. 9 and A. 10 for the fuel at 298 K 

AH iooo k = 1(— 393 522 + 33 397) + 2(-241 826 + 26 000) 

- l[-74 873 + 52(1000 - 298.2)] - 2(0 + 22 703) 

= - 798 804 kJ/kmol 

o 1000 

AS ! ooo K = 1x269.299 + 2x232.739 - 1(186.251 + lrn^^ ) - 2x243.579 

= 487.158 kJ/kmol K 

a G 10 ook = AHiooo k -T AS 10 ook 

= - 798 804 - 1000 x 487.158 = - 1 285 962 kJ/kmol 
AG° + 1 285 962 

In K = = = + 154.665 , K = 1.4796 E 67 

^ 8.3145x1000 

This means the reaction is shifted totally to the right. 
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Water from the combustion of hydrogen and pure oxygen is at 3800 K and 50 
kPa. Assume we only have H 2 0, O 2 and H 2 as gases find the equilibrium 

composition. 


With only the given components we have the reaction 

2H,0 «> 2H 2 + 0 9 

which at 3800 K has an equilibrium constant from A. 1 1 as In K = -1 .906 
Assume we start with 2 kmol water and let it dissociate x to the left then 


Species 

H,0 

H 2 

°2 

Initial 

2 

0 

0 

Change 

-2x 

2x 

X 

Final 

2 - 2x 

2x 

x Tot: 2 + x 


Then we have 


y H2 y 


K = exp(-l .906) = 2 


o 2 


y 


h 2 o 


fp_] 

p0 


2x A 2 


x 


2+1-2 _ ^2 + xJ 2 + x 50 
“ ^2 - 2xJ 100 


which reduces to 

0.148674 = 


1 


4X- 5 1 1 


(1- x) 2 2 + x 4 2 ° r x = °- 297348 (! - x ) ( 2 + x ) 
Trial and error to solve for x = 0.54 then the concentrations are 


y 


H20 


2 + x 0-362; y 02 2 + x 0-213; y H2 2 + x 0-425 
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14.51 

Repeat problem 14.47 for an initial mixture that also includes 2 kmol of 
nitrogen, which does not dissociate during the process. 


This problem has a dilution of the reactant with nitrogen. 


initial mix: 

1 C0 2 , 2 CO, 

2 0 2 , 2 N 2 




Constant 

pressure 

reactor/^ 

Q 


q=> 


Equilibrium mix: 

C0 2 , CO, 0 2 and N 2 

at T = 3000 K, P = 150 kPa 


Reaction 

initial 

change 

equil. 


2C0 2 

2 CO 

+ °2 

1 

2 

2 

-2x 

+2x 

+x 

(l-2x) 

(2+2x) 

(2+x) 


From A.ll at 3000 K: K = exp(-2.217) = 0.108935 
For each n>0 => -1 < x < +y 


Equilibrium: n CQ2 = (1 - 2x), n rn = (2 + 2x), n n9 = (2 + x), 


co 


02 


n. = 2 so then n = 7 + x 

N2 tot 


K = 


ycoy 02 / p \ i 


1 +Xx2 /2 +Xx /150 


yco2 


M = 4 (tT 2 ^) (7 +x) 600) = °- 108935 


or 


/ 1 + X \ 2 /l + X\ 

; 2 X ) (y" + " x ) = 0.018167 Trial & error: x = -0.464 


n co2 1-928 
n co = 1-022 


n Q2 = 1.536 

n N2 = 2-0 

n TQT = 6.536 


A 


y C 02 = 0-295 ^02 = 0-235 
y co = 0 - 164 y N2 =0.306 
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Catalytic gas generators are frequently used to decompose a liquid, providing 
a desired gas mixture (spacecraft control systems, fuel cell gas supply, and so 
forth). Consider feeding pure liquid hydrazine, N ? H 4 , to a gas generator, from 

which exits a gas mixture of N 9 , H 7 , and NH 3 in chemical equilibrium at 

100°C, 350 kPa. Calculate the mole fractions of the species in the equilibrium 
mixture. 


Initially, 2 N 2 H 4 -> 1 N 2 + 1 H 2 + 2 NH 3 


Reaction: 

n 2 + 

3H 2 

<=> 2NH 3 


initial 

1 

1 

2 


change 

-X 

-3x 

+2x 


equil. 

(l-x) 

d-3x) 

(2+2x) 

n TOTAL 


K = 


2 

YnH3 


y N2 yH2 



(2 + 2x) 2 (4 - 2x) 2 
(1 - x)(l - 3x) 3 


/350y2 

MOO'' 


(4-2x) 


At 100 °C = 373.2 K, for NH 3 use A.5 C pQ = 17.03x2. 130 = 36.276 

hN ro = -45 720 + 36.276(373.2 - 298.2) = -42 999 kJ/kmol 

3 73 7 

§nh 3 = 192.572 + 36.276 in = 200.71 kJ/kmol K 
Using A. 9, 

AH° m c = 2(-42 999) - 1(0+2188) - 3(0+2179) = -94 723 kJ 
AS ioo c = 2(200.711) - 1(198.155) - 3(137.196) = -208.321 kJ/K 

AGiqo c = AH 0 - TAS° = -94 723 - 373.2(-208.321) = -16 978 kJ 
AG° +16 978 

In K = = QQ1/I , = 5.4716 => K = 237.84 

_ 8.3145x373.2 


Therefore, 


[ 


(1 + x)(2 - x) J 2 


(1 - 3x) 

By trial and error, x = 0.226 


1 

(1 - x)(l - 3x) 


237.84x3.5 2 

16 


n N2 = 0.774 n NH3 = 2.452 
n H2 =0-322 n TOT = 3.518 


y N2 =0.2181 
y H2 =0.0908 

y NH 3= a6911 


182.096 
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Complete combustion of hydrogen and pure oxygen in a stoichiometric ratio at P 0 
, T 0 to form water would result in a computed adiabatic flame temperature of 
4990 K for a steady state setup. How should the adiabatic flame temperature be 
found if the equilibrium reaction 2H 0 + <=> 2 H 9 0 is considered? Disregard all 

other possible reactions (dissociations) and show the final equation(s) to be 
solved. 


2R, + 0 2 2H,0 


y H 2 o p , 

Keq = ~y r V~ { P° r ’ 

y H 2 y 0 2 r 


l tot 


Species 

h 2 o 2 

h 2 o 

Initial 

2 1 

0 

Shift 

-2x -x 

2x 

Final 

2 - 2x 1 -x 

2x 

= 2-2x + l- x + 2x = 

3-x 


Energy Eq.: 


H p = H r = H° + AH p = H° = 0 


.0 


Hp (1 x)(2Ah H ^ + Ah (J ^j + 2x(h fH20 . — * H2Q . 


+ Ah „) = 0 


( 1 ) 


Equilibrium constant: 

4x 2 (3 - x) 2 3 - x x 2 (3 - x) 

Keq “ (3-x) 2 (2 - 2x) 2 1 - x “ (i . X )3 - K T (2) 

A. 10: h^ 2Q = -241 826 kJ/kmol; A.ll: In (K x ) 

A.9: Ah H2 (T), Ah Q2 (T), Ah^T), 

Trial and error (solve for x, T) using Eqs. (1) and (2). 

Guess T = 3600 K: K = exp( 1.996) = 7.35956, x = 0.53986 
H P = (1 - 0.53986)(2 x 1 1 1 367 + 122 245) 

+ 2 x 0.53986 x (-241 826 + 160 484) = 70 912 high 
Guess T = 3400 K: K = exp(3.128) = 22.8283, x = 0.648723 
H P = (1 - 0.648723)(2 x 103 736 + 1 14 101) 

+ 2 x 0.648723 x (-241 826 + 149 073) = -7381 low 
Now do a linear interpolation to get H P = 0: 

T = 3400 + 200 x 7381/(70 912 + 7381) = 3419 K, K = 20.50 
x = 0.63905, y 02 = 0.153; y H ^ = 0.306; y H ^ Q = 0.541 
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14.54 

Consider the water gas reaction in Example 14.4. Find the equilibrium constant at 
500, 1000, 1200 and 1400 K. What can you infer from the result? 


As in Example 14.4, III H 2 + C0 2 <=> H 2 0 + CO 

I 2 C0 2 2 CO + 0 2 

II 2 H 2 0 <=> 2 H 2 + 0 2 

Then, In K m = 0.5 (In K, - In K n ) 

At 500 K, In K in = 0.5 (-115.234 - (-105.385)) = -4.9245, 

K = 0.007 266 

At 1000 K, In K m = 0.5 (-47.052 - (- 46.321)) = - 0.3655 , 

K = 0.693 85 

At 1200 K, In K m = 0.5 (-35.736 - (-36.363)) = + 0.3135 , 

K = 1.3682 

At 1400 K, In K m = 0.5 (-27.679 - (-29.222)) = + 0.7715 , 

K = 2.163 

It is seen that at lower temperature, reaction III tends to go strongly from right to 
left, but as the temperature increases, the reaction tends to go more strongly from 
left to right. If the goal of the reaction is to produce more hydrogen, then it is 
desirable to operate at lower temperature. 
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14.55 


A piston/cylinder contains 0.1 kmol hydrogen and 0.1 kmol Ar gas at 25°C, 
200 kPa. It is heated up in a constant pressure process so the mole fraction of 
atomic hydrogen is 10%. Find the final temperature and the heat transfer 
needed. 

When gas is heated up H 9 splits partly into H as 


FL <=> 2H and the gas is diluted with Ar 


Component 

H 2 

Ar 

Initial 

0.1 

0.1 

Shift 

-X 

0 

Final 

0.1-x 

0.1 


y H = 0.1 = 2x /(0.2 + x) 


H 

0 

2x 

2x Total = 0.2 + x 
=> 2x = 0.02 + 0. lx 


n =0.21053 

tot 


x = 0.010526 

y H9 = 0.425 = [(0.1 - x)/(0.2 + x)]; y A| . = 1 - rest = 0.475 


Do the equilibrium constant: 


k ( T ) = ^(^) 2 - 1 = ( 0 - 01 


y H /P^, /_ao k ^ 200 ^ _ 

y H2 v P uy v 0.425^ x ^100^ 0.047059 


In (K) = -3.056 so from Table A. 1 1 interpolate to get T = 3 1 10 K 
To do the energy eq., we look up the enthalpies in Table A. 9 at 31 10 K 


h u . = 92 829.1; h u = h, + Ah = 217 999 + 58 447.4 = 276 445.4 

nZ H I 

h Ar = 0 + C p (3110 - 298.15) = 20.7863 x (3110-298.13) = 58 447.9 
(same as Ah for H) 

Now get the total number of moles to get 

1-x 

n = 0.021053; n„ 0 = n. x ^— = 0.08947; n. =0.1 

H ’ H2 tot 2+X Ar 

Since pressure is constant W = PAV and Q becomes differences in h 
Q = nAh = 0.08947 x 92 829.1 - 0 + 0.021053 x 276 446.4 


-0 + 0.1 x 58 447.9 


= 19 970 kj 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or 
instructional purposes only to students enrolled in courses for which the textbook has been adopted. Any other 
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the bl976 United States 
Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


14.56 

The van't Hoff equation 

AH 0 

d In K = dT D o 

RT 2 

relates the chemical equilibrium constant K to the enthalpy of reaction AH 0 . From 
the value of K in Table A.ll for the dissociation of hydrogen at 2000 K and the 

value of AH 0 calculated from Table A. 9 at 2000 K use van’t Hoff equation to 
predict the constant at 2400 K. 


H 2 <=> 2H 


AH° = 2 x (35 375 + 217 999) - 52 942 = 453 806 kJ/kmol 
In K 2000 = -12.841, 

Assume AH° is constant and integrate the Van’t Hoff equation 

2000 

rO A T TO -i j 


^^2400 ' n ^2000 


AH” AH° 1 

dT = ( 


RT 


- V T T 
R 2400 2000 


) 


2400 


1^2400 ^ n ^2000 + *T T 

2400 2000 

= -12.841 + 453 806 (yf^) / 8.31451 = -12.841 + 4.548 
= -8.293 

Table A.l 1 lists -8.280 (AH° not exactly constant) 
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14.57 

A gas mixture of 1 kmol carbon monoxide, 1 kmol nitrogen, and 1 kmol 
oxygen at 25°C, 150 kPa, is heated in a constant pressure process. The exit 
mixture can be assumed to be in chemical equilibrium with C0 2 , CO, 0 2 , and N 2 

present. The mole fraction of C0 2 at this point is 0.176. Calculate the heat 
transfer for the process. 


initial mix: 

1 CO, 1 o 2 , 


^ Constant 

pressure t 
reactor^A 

Q 


> 


Equil. mix: 

co 2 , CO, o 2 , n 2 

^C02 = 0-176 
P = 150 kPa 


reaction 

initial 

change 

equil. 


2C0 2 

2 CO 

+ °2 

also, 

N 2 

0 

1 

1 


1 

+2x 

-2x 

-X 


0 

2x 

(l-2x) 

(1-x) 


1 


^C02 


= 0.176 = 


2x 

3-x 


x = 0.242 65 


n ccp = 0-4853 n Q2 = 0.7574 

n CO = 0 - 5147 n N2 = ^ 


^C02 

y co 


0.176 

0.1867 



0.2747 


K = 


ycoy 


02 


2 

yco2 


(£)' 


0.1867 2 x0.2747 ,150x 

0.176 2 W = 0-4635 


From A. 11, T pROD = 3213 K 
From A. 10, H D = -110 527 kJ 

K. 

H p = 0.4853(-393 522 + 166 134) + 0.5147(-110 527 + 101 447) 

+ 0.7574(0 + 106 545) + 1(0 + 100 617) 

= +66 284 kJ 

Q cv = H p - H r = 66 284 - (-110 527) = +176 811 kJ 
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A tank contains 0.1 kmol hydrogen and 0.1 kmol of argon gas at 25°C, 200 kPa 
and the tank keeps constant volume. To what T should it be heated to have a mole 
fraction of atomic hydrogen, H, of 10%? 


y H / P \ 2-t 

For the reaction FF, <=> 2H , K = (~) 

y H 2 P 

Assume the dissociation shifts right with an amount x then we get 


reaction 

H 2 o 

2 H 

also, Ar 

initial 

0.1 

0 

0.1 

change 

-X 

2x 

0 

equil. 

0.1 -x 

2x 

0.1 Tot: 0.2 + x 


2x 




y H - 0.2 + x _ °' 10 

=> x = 0.010526 


We need to find T so K will take on the proper value, since K depends on P 
we need to evaluate P first. 


P i V = n iR T r P 2 V = n 2 RT 2 =* P 2 = P^ 
where we have nj = 0.2 and n 2 = 0.2 + x = 0.210526 


y H / P 2-1 (2x) 2 200 n 2 T 2 

K = (— ) = q ^_A T7T77— = 0.0001661 T, 


y H - 'p* 


(0.1 -x) n 2 100 0.2 X 298.15 


Now it is trial and error to get T, so the above equation is satisfied with K 
from A. 11 at T 0 . 

3600 K: In K = -0.611, K = 0.5428, RHS = 0.59796, error = 0.05516 
3800 K: In K = 0.201, K= 1.22262, RHS = 0.63118, error = -0.59144 
Linear interpolation between the two to make zero error 

0.05516 

T - 3600 + 200 x a05516 + o g 914 4 - 3617 K 
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14.59 

A local stoichiometric combustion of butene C 4 H 8 results in only half the C 
atoms bums to CCb and the other half generates CO. This means the products 
should contain a mixture of FhO, CO, CO 2 , O 2 and N 2 which after heat transfer 
are at 1000 K. 

a) Write the combustion equation assuming no hydrogen in the products 

b) Use the water gas reaction to estimate the amount of hydrogen Fh present. 


Select the amount of air for stoichiometric combustion 
Combustion: 

C 4 H 8 + 6(0 2 + 3.76N 2 ) ■=> 2C0 2 + 2 CO + 4 H 2 0 + 1 0 2 + 22.56 N 2 


Since we have 2 CO we did not use 

1 O 2 which is then left 

in the products. 

Water-gas reaction: 

h 2 + 

co 2 

<=> 

H 2 0 + CO 



co 2 

CO 

h 2 o 

h 2 

o 2 

n 2 

Start 

2 

2 

4 

0 

1 

22.56 

Change 

-X 

X 

X 

-X 

0 

0 

Final 

2-x 

2 +X 

4+x 

-X 

1 

22.56 tot = 31.56 

Notice the total number of moles is 

constant. 

See 

Example 

14.4 for the 


equilibrium K 

At 1000 K: in K = 0.5(ln K, - in K 2 ) = 0.5[-47.052 -(-46.321)] = -0.3655 

2 + x 4 + x 

K = exp(-0.3655) = [ y co y H20 / Yc 02 Ym\ 1 = ~T^~ 

Reduce and solve: (2 - x)(- x) exp(-0.3655) = (2 + x) (4 + x) 

■=> -(2x - x 2 ) exp(-0.3655) = 8 + 6x + x 2 

-2 < x < 0 for all pos. concentrations ■=> x = -1.136 

n H2 = 1-136 mol/mol fuel or 3.6% 
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A liquid fuel can be produced from a lighter fuel in a catalytic reactor according 
to 

C 2 H 4 + H 2 0 <=> C 2 H 5 OH 

Show the equilibrium constant is in K = -6.691 at 700 K using Cp = 63 kJ/kmol 
K for ethylene and Cp = 115 kJ/kmol K for ethanol at 500 K. 


25°C, 5 MPa 
300°C, 5 MPa 


1C,H 



2H 2 0 

1 C 2 H 4 + 1 H 2 0 <=> 1 C 2 H 5 OH 


IG chem. equil. mixture 

C 2 H 5 OH, c 2 h 4 , h 2 o 
700 K, 5 MPa 


AH700K = l(-235 000 + 115(700-298.2)) - l(+52 467 + 63 (700-298.2)) 

- 1(-241 826 + 14 190) = -38 935 kJ 

o 700 700 

AS 7 ook= 1(282.444 + 115 In ^g^) - 1(219.330 + 63 In - 1(218.739) 

= -11 1.253 kJ/K 

AG 700 K = AH° - TAS° = -38 935 - 700(-l 1 1 .253) = +38 942 kJ 

-AG° 38 942 

In K — — q o 1 /I c 1 haa 

8.31451 x 700 
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14.61 


A rigid container initially contains 2 kmol of carbon monoxide and 2 kmol of 
oxygen at 25 °C, 100 kPa. The content is then heated to 3000 K at which point an 
equilibrium mixture of C0 2 , CO, and 0 9 exists. Disregard other possible species 

and determine the final pressure, the equilibrium composition and the heat 
transfer for the process. 


Equilibrium process: 
Species: CO O 


2 CO + 2 0 9 2 CO, + O, 


CO 


Initial 2 2 0 

Shift -2x -2x+x 2x 


Final 2-2x 2-x 

_ 2-2x 
y co " 4-x ’ 

Energy equation 


2x : 


n =2-2x + 2- x + 2x = 4- x 

tot 


2x 


2-x 

y o 2 = 4-x ; y co 2 = 4-x 


U 2 -U 1 = iQ 2 = h 2 - H i-P 2 v + Pi 


v 


= (2 - 2x)h co 2 + (2 - x)h„_, + 2 x 11 ^^ - 2h?^ - 2h?, 


0 2 2 


CO, 


fCO' 


'fo 


-R(4-x)T, +4RTj 


Notice P 0 is unknown so write it in terms of T, and the number of moles. We 
flipped the reaction relative to the one in A.l 1 so then K = 1/ K ... 

r r eq eqAll 


K =e 

eq 


2.217 


y C0 2 P 2 ., 


y 0 / co V = 4(l-x)- 2-x <4-x)T. 


4x 2 4-x 4T , 


1 1 T , 

2 — = “e 2 217 = 23.092 


X 

( 1 -x> 2 - x ~ 4 T 


x = 0.8382; 


y co = 0.102; y n = 0.368; y rn = 0.53 


o 2 


co 2 


Constant volume and ideal gas approximation PV = nRT 

(4 - 0.8382) x3000 

P 2 = Pj(4 - x) T 2 /4T 1 = 100 4x29 g 15 = 795.4 kPa 

jQ 2 = 0.3236(-l 10527 + 93504) + 1.1618(98013) + 1.6764(-393522 

+ 152853) - 2(— 1 10527) - 2(0) + 8.3145[4(298.15) - 3000(3.1618)] 

= -142991 kj 
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14.62 


Use the information in Problem 14.90 to estimate the enthalpy of reaction, 

AH 0 , at 700 K using Van’t Hoff equation (see problem 14.56) with finite 
differences for the derivatives. 


_ 2 


d InK = [AH7RT ] dT or solve for AH 


o 


_ 2d InK - 2 AlnK 
AH° = RT — ^ = RT 


dT 


AT 


2 -0.3362 - (- 4.607) 
-8.31451 x 700 x g00 - 600 


= 86 998 kJ/kmol 


[ Remark: compare this to A. 9 values + A. 5, A. 10, 

AH 0 = H n + 2H„ - H„ u = 0.61 x 12 x (700-298) + 2 x 11730 

E JHL2 EH4 

- 2.254 x 16.04 x (700-298) - (-74873) = 86 739 kJ/kmol ] 
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14.63 

One kilomole of carbon dioxide, CO->, and 1 kmol of hydrogen, H 0 at room 

temperature, 200 kPa is heated to 1200 K at 200 kPa. Use the water gas reaction 
to determine the mole fraction of CO. Neglect dissociations of IT, and 0 0 . 

1 C0 2 + 1 H,o 1 CO + 1 H 2 0 

Initial 1 1 0 0 

Shift -x -x +x +x 

Total 1-x 1-x x x; n to t = 2 

Yh 20 = Yco = x /2, Yh 2 = Yco 2 : (l-x)/2 


The water gas reaction, see Example 14.4 


At 1200 K, In K m = 0.5 (-35.736 - (-36.363)) = + 0.3135 , 
K = 1.3682 


(x/2)(x/2) _ K _ _x 


2 


X 


(¥x¥) 


(1-x) 2 > 1-x 


= 1.1697 


2 2 

x= 1.1697/2.1697 = 0.5391 
yH 20 = yco = x /2 = 0.27, y H 2 = yco 2 = ( 1 -x)/2 = 0.23 
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14.64 

A step in the production of a synthetic liquid fuel from organic waste material is 
the following conversion process at 5 MPa: 1 kmol ethylene gas (converted from 

the waste) at 25°C and 2 kmol steam at 300°C enter a catalytic reactor. An ideal 
gas mixture of ethanol, ethylene and water in equilibrium, see previous problem, 
leaves the reactor at 700 K, 5 MPa. Determine the composition of the mixture. 


25°C, 5 MPa 

ic,h 4 



IG chem. equil. mixture 



c 


(J 2 H 5 OH, C 2 H 4 , H 2 O 

300°C, 5 MPa 

2 H~0 


r 

700 K, 5 MPa 


1 C 2 H 4 + 1 H 2 0 <=> 1 C 2 H 5 0H 


initial 

1 

2 

0 


change 

-X 

-X 

+X 


equil. 

(l-x) 

( 2 -x) 

X 

total = 3 - x 


The reaction rate from the previous problem statement is 


-AG° 

In K = =-6.691 => 

RT 


K = 0.001 242 = 


yC2H5QH /P 

YC2H4 yiI2C)V 


) 


-1 


=> (l^Xfif) = 0.001242 x|y = 0.0621 

By trial and error: x = 0.0404 => 

C 2 H 5 OH: n = 0.0404, y = 0.01371 

C 2 H 4 : n = 0.9596, y = 0.3242, H 2 0: n= 1.9596, y = 0.6621 
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14.65 

A special coal burner uses a stoichiometric mixture of coal and an oxygen - argon 
mixture (1:1 mole ratio) with the reactants supplied at Po, To. Consider the 
dissociation of CCb into CO and O2 and no others. Find the equilibrium 

composition of the products for T = 4800 K. Is the final temperature, including 
dissociations, higher or lower than 4800 K? 


Combustion: C + O2 + Ar ■=> CO2 + Ar 


Reaction: 

2 C0 2 «• 


2 CO + 0 2 
Start 
Change 
Final 


C0 2 CO 

1 0 
-2x 2x 
l-2x 2x 


0 2 Ar 

0 1 
x 0 

x 1 tot = 2 + x 


2 


2 - 


2x 2 x . 1 - 2x 2 


At 4800 K: K = exp(5.8322) = [ y co " y G2 / y C0 2"] 1 = KjTt* 2 TT 7 ( ^T7 } ] 


Reduce and solve: x 3 = [ exp(5.8322)/4 ] (2 + x) (1 - 2x) 2 

O x 3 = 085.277 (2 + x)(l-2x ) 2 O x = 0.4885 (close) 
n^o = 0.977, n 0 2 = 0.4885, ric02 = 0.023, n^. = 1 


Now we can do the energy equation: 

H P 4800 K = 0-023 (266 488 - 393 522) + 1 x 20.773 (4800 - 298) + 

0.977 (161 285 - 110 527) + 0.4885 x 172 240 = 224 325 kJ/kmol 
Since H P 4399 k > 0 then T < 4800 K 

We should have had H P = 0, if we match the energy equation to find the T we have to 

redo the equilibrium equation as K is different. This is a larger trial and error problem to 
find the actual T and we even neglected other possible reactions. 
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14.66 

Acetylene gas at 25 °C is burned with 140% theoretical air, which enters the 
burner at 25°C, 100 kPa, 80% relative humidity. The combustion products 
form a mixture of C0 2 , H 2 0, N 2 , 0 2 , and NO in chemical equilibrium at 2200 

K, 100 kPa. This mixture is then cooled to 1000 K very rapidly, so that the 
composition does not change. Determine the mole fraction of NO in the 
products and the heat transfer for the overall process. 


C 2 H 2 + 3.5 0 2 + 13.16N 2 + water —» 

2 CO„ + 1 TLO +10, + 13.16 N„ + water 


water: P y = 0.8x3.169 = 2.535 kPa 

n v = n A P v /P A =(3.5 + 13.16) 2.535/97.465 = 0.433 
So, total H 9 0 in products is 1.433. 


Reaction: 


N 9 + 0 2 <=> 2 NO 


change : -x -x +2x 

at 2200 K, from A.11: K = exp(-6.836) = 0.001 074 

Equil. products: n CQ2 = 2, n R20 = 1.433, n Q2 = 1 - x, 

n N2 =13.16-x, n NQ = 0 + 2x, n TOT = 17.593 


K = 


(2x)' 


(1 -x)(13.16-x) 
2x0.0576 


= 0.001 074 => x = 0.0576 


y NO- 17.593 


= 0.006 55 


Final products (same composition) at 1000 K, reactants at 25°C 
H d = 1(226 731 + 0) + 0.433(-241 826 + 0) = 122 020 kJ 

H p = 2(-393 522 + 33 397) + 1.433(— 241 826+26 000) 

+ 0.9424(0 + 22 703) + 13.1024(0 + 21 463) 

+ 0.1152(90 291 + 22 229) 

= -713 954 kJ 

Q cv = H p - H r = -835 974 kJ 
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14.67 

Coal is burned with stoichiometric air, with the reactants supplied at the reference 
conditions Po, To. If no dissociations are considered, the adiabatic flame 
temperature is found to be 2461 K. What is it if the dissociation of CO 2 is 

included? 


Combustion: C + 1(0 2 + 3.76 N 2 ) => C0 2 + 3.76 N 2 

The dissociation of C0 2 is: 2C0 2 O 2 CO + 0 2 



<N 

O 

u 

CO 

N 2 

o 2 


Start 

1 

0 

3.76 

0 


Change 

-2e 

2e 


e 


Final 

l-2e 

2e 

3.76 

e; 

Total = 4.76 + e 


Reaction constant: K = 


2 

y co yp2 

2 

yco2 


^_p - 

v P o; 


3-2 


(2e) 2 e 

(1 - 2e) 2 (4.76 + e) 


Products at equilibrium: (l-2e) C0 2 + 2e CO + 3.76 N 2 + e 0 2 



Energy Eq.: H R = H P = H p + AH P = 0 

H P = (l-2e) (h? + AH) C02 + 2e (h° + AH) co + 3.76 AH N2 + e AH Q2 
0 = (l-2e) (-393 522 + AH CQ2 ) + 2e (-110 527 + AH co ) 

+ 3.76AH N2 + eAH 02 (2) 

We need to satisfy equations (1) and (2), both functions of T and e. We know T 
must be less than 2461 K as the dissociation requires energy and that e is small. 


Guess 2400 K: K = exp(-7.715) = 0.000446, Eq.l => e = 0.07322 

H P = 0.85356(-393522 + 115779) + 0.14644(-110 527 + 71326) 

+ 3.76 x 70640 + 0.07322 x 74453 = 28 247 kJ/kmol 
This shows that H P is too high so also then e too high 

Guess 2200 K: K = exp(- 10.232) = 0.000036, Eq.l => e = 0.03349 

H P = 0.93302(-393522 + 103562) + 0.06698(410 527 + 64012) 

+ 3.76 x 63362 + 0.03349 x 66770 = -33176.8 kJ/kmol 
Now Hp is too small, so linear interpolation to hit H P = 0 

T = 2200 + 200 [0 - (-33 176.8)]/[28 247 - (-33 176.8)] = 2308 K 
To confirm try T = 2300 K: K = exp(-8.9735) = 0.0001267, e = 0.0498 

H P = 0.9004(-393522 + 109670.5) + 0.0996(- 1 10 527 + 67669) 

+ 3.76 x 67001 + 0.03349 x 7061 1.5 = -5560 kJ/kmol 


Final linear interpolation: T = 2300 + 100 x 5560/(28 247 + 5560) = 2316 K 
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14.68 

An important step in the manufacture of chemical fertilizer is the production of 
ammonia, according to the reaction: N 9 + 3H 9 <=> 2NH 3 Show that the 

equilibrium constant is K = 6.202 at 150°C. 


1 N 9 + 3 H 9 <=> 2 NH 3 at 150°C 

Assume ideal gas and constant specific heat for ammonia (we could be more 
accurate if we used Table B.2 realizing properties depend also on P). We must use 
the reference h, s values from Table A. 10 


- O 


h NH 3 150 c = -45 720 + 2.13x17.031(150 - 25) = -41 186 kJ/kmol 

O 423.2 

§nh 3 150 c = 192.572 + 2.13x17.031 In 205.272 kJ/kmol-K 

Use Table A. 9 for nitrogen and hydrogen gases 

AH° 50C = 2(-41 186) - 1(0+3649) - 3(0 + 3636) = -96 929 kJ/kmol 

ASi 50C = 2(205.272) - 1(201.829) - 3(140.860) = -213.865 kJ/kmol-K 

AGj 50C = -96 929 - 423.2(-213.865) = -6421 kJ/kmol 
+6421 


In K = 


8.31451 x 423.15 


= 1.8248, K = 6.202 
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14.69 

Consider the previous reaction in equilibrium at 150°C, 5 MPa. For an initial 
composition of 25% nitrogen, 75% hydrogen, on a mole basis, calculate the 
equilibrium composition 

Reaction: 1 N 2 + 3 FF, <=> 2 NH 3 at 150°C progress variable x 

Beginning: 13 0 

Change: -x -3x 2x 

Final: 1-x 3-3x 2x Total: n = 4-2x 

The reaction constant is K = 6.202 so the reaction constant equation is 

_ Ynh3 / PY 2 _ (2x) 2 (4 - 2x) 2 / _PV 2 

= = s’d-x) 4 V' 

or (l^) 2 (fS ) 2 = If, x 6202 x ((Tf ) 2 = 26165 


or (YKff) = 161755 




n 

y 

— > Trial & Error: 

nh 3 

1.843 

0.8544 

x = 0.9215 

N 2 

0.0785 

0.0364 


H 2 

0.2355 

0.1092 
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14.70 

At high temperature, NO can form from oxygen and nitrogen. Natural gas 
(methane) is burned with 150% theoretical air at 100 kPa, and the product 
temperature is 2000 K. Neglect other reactions and find the equilibrium 
concentration of NO. Does the formation of the NO change the temperature? 


Combustion: CH , + 1.5 x 2(0 0 + 3.76 NO -> C0 0 + 2H 0 0 + 10, + 11.28 N, 


Reaction: 


N 9 + 0 2 <=> 2 NO, 


progress x 


initial 

change 

equilibrium 


N 2 

11.28 

-x 

1-x 


+ O 


2 

1 

-X 

1-X 


<=> 


2 NO 

0 

+2x 

2x 


h 2 o + co 2 

2+1 

0 

3 


n TOT ^ 


K = exp(-7.825) = 0.0003996 = 


2 

yNo 


yN2 Y02 


f D 'N 


v p o; 


2-2 


(2x)' 


' 2x ^ 


(l-x)(l-x)“U-xJ 


Solve 


2x/(l-x) = y/0. 0003996 = 0.01999 => x = 0.009896 


y NO = 2x/5 = 0.00396 
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14.71 

Methane at 25 °C, 100 kPa, is burned with 200% theoretical oxygen at 400 K, 100 
kPa, in an adiabatic steady state process, and the products of combustion exit at 
100 kPa. Assume that the only significant dissociation reaction in the products is 
that of carbon dioxide going to carbon monoxide and oxygen. Determine the 
equilibrium composition of the products and also their temperature at the 
combustor exit. 


Combustion: CH, + 4Ck — > CCk + 2PLO + 20 


Dissociation: 



2CO, <=> 

2 CO 

+ °2 

,H 0 0 inert 

initial 

1 

0 

2 

2 

change 

-2x 

+2x 

+x 

0 

equilibrium 

l-2x 

2x 

2+x 

r\ 

Z n TOT 

Equil. Eq'n: 

yc 0 y 02 

(L\ 

( x ft 

6 2 + X\ / P \ 

K - 2 

YC02 

VpO/ - 

^0.5 - y) ( 

^5 + x ApO/ 


( x ft 

<2 + X\ 

K 


or 

M).5 - y) ' 

^5 + x' 

“ (P/P°) 



= 5+x 



Energy Eq.: H p - H R = 0 


(l-2x)(-393 522 + Ah CQ2 ) + 2x(-110 527 + Ah CQ ) 


+ 2(-241 826 + Ah H2Q ) + (2+x)Ah Q2 - l(-74 873) - 4(3027) = 0 
or (l-2x)Ah CCp + 2xAh co + 2Ah H?0 + (2+x)Ah 0? + 565 990x - 814 409 = 0 


Assume T p = 3256 K. FromA.il: K = 0.6053 

Solving (1) by trial & error, x = 0.2712 

Substituting x and the Ah values from A. 9 (at 3256 K) into (2) 
0.4576x168 821 + 0.5424x103 054 + 2x140 914 
+ 2.2712x108 278 + 565 990x0.2712 - 814 409 * 0 OK 
T p = 3256 K & x = 0.2712 

n C02 - 0.4576, n CQ - 0.5424, n H2Q - 2.0, n Q2 - 2.2712 

y C0 2 = 0- 0868 ’ y co = 0-1029, y H2Q = 0.3794, y Q2 = 0.4309 
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14.72 

Calculate the irreversibility for the adiabatic combustion process described in the 
previous problem. 

From solution of Prob. 14.71, it is found that the product mixture consists of 
0.4576 C0 2 , 0.5424 CO, 2.0H,O& 2.2712 0 9 at 3256 K, 100 kPa. The 

reactants include 

1 CH 4 at 25 °C, 100 kPa and 4 O, at 400 K, 100 kPa. 

Reactants: 

S R = 1(186.251) + 4(213.873) = 1041.74 kJ/K 
Products: 



n. 

i 

y, 

.0 

Si 

- YiP 
-Rln P 

* 

Si 

co 2 

0.4576 

0.0868 

339.278 

+20.322 

359.600 

CO 

0.5424 

0.1029 

276.660 

+18.907 

295.567 

h 2 o 

2.0 

0.3794 

291.099 

+8.058 

299.157 

°2 

2.2712 

0.4309 

287.749 

+7.000 

294.749 


S p = 0.4576(359.600) + 0.5424(295.567) + 2.0(299.157) 

+ 2.2712(294.749) = 1592.62 kJ/K 
I = T 0 (S p -S R ) - Q cv = 298.15(1592.62 - 1041.74) - 0 = 164 245 kj 
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14.73 

Consider the stoichiometric combustion of pure carbon with air in a constant- 
pressure process at 100 kPa. Find the adiabatic flame temperature (no equilibrium 
reactions). Then find the temperature the mixture should be heated/cooled to so 
that the concentrations of CO and CO2 are the same. 


Conbustion: C + 1(0 2 + 3.76 N 2 ) =4 C0 2 + 3.76N 2 

Energy Eq.: H R = H P = Hp + AHp 

AH P = H r - H° = -Hr P = HV = 393 522 kJ/kmole 
= AH C0 2 + 3.76 AH N2 


AH P 3000 K = 152 853 + 3 - 76 *92 715 = 501 461 to ° bi § 

AHp 2400 K = 115 779 + 3.76 *70 640 = 381 385 too small 

AHp 2600 K = l 28 074 + 3.76 *77 963 = 421 215 too big 

Interpolate: T = 2461 K 

Assume now the dissociation of C0 2 as: 2C0 2 44 2 CO + 0 2 



<N 

O 

u 

CO 

N 2 

o 2 


Start 

1 

0 

3.76 

0 


Change 

-2e 

2e 


e 


Final 

l-2e 

2e 

3.76 

e; 

Total = 4.76 + e 


When the two concentrations are the same then 

1 - 2e 2e 

yC02 = 4.7 6 + e = YCO = 4.76 + e 

Reaction constant 


1 - 2e = 2e => e = *4 


K = 


yco yp2 

2 

yco2 


^_p - 
v p oy 


3 - 2 _ 0.25 

- y02 - 4.76 + 0.25 


= 0.0499 = exp(-2.9977) 


NowlookinTableA.il: In K7 = 

Check for other reactions possible: 
N 2 => 2N 

0 2 => 20 
N 2 + 0 2 => 2NO 


-2.9977 => Interpolate: T = 2900 K 


K t = exp(-23.5) 
K t = exp(-5.09) 
K t = exp(-4.5) 


no progress to RHS 
minor progress to RHS 
minor progress to RHS 


To be very accurate we should look at the last two reactions also. 
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14.74 

Hydrides are rare earth metals, M, that have the ability to react with hydrogen to 
form a different substance MH with a release of energy. The hydrogen can then 

X 

be released, the reaction reversed, by heat addition to the MH . In this reaction 

x 

only the hydrogen is a gas so the formula developed for the chemical equilibrium 
is inappropriate. Show that the proper expression to be used instead of Eq. 14.14 
is 

In (P H2 /P 0 ) = A G°/RT 
when the reaction is scaled to 1 kmol of H 2 . 

1 

M + 2 x H 2 <=> MH X 


At equilibrium Gp = Gr , assume g of the solid is a function of T only. 
_i;° t- 0 _ -o - _ j -0 o _ .o 

g MHx - n MHx “ 1 s MHx - gMHx > g M “ n M “ 1 S M “ gM 


'M 


g n2 - h H2 - Ts H2 + RT ln(P H2 /Po) - §h2 + RT ln(PH 2 /P 0 ) 

1 o 1 o - 

Gp = Gr: g MHx = g M + 2 x g m = g M + 2 x [gH2 + RT ln(P H2 /Po)] 

. =,0 -° -0 -0 .0 .0 
AG - g MHx “ gM “ x gl 12' 2 - gMHx _ gM 

Scale to 1 mole of hydrogen 

AG° = (gMHx- gM)/( x /2) = RT ln(P H2 /P°) 
which is the desired result. 
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14.75 

For the process in Problem 14.46 should the dissociation of oxygen also be 
considered? Verbal answer but supported by numbers. 


The dissociation of oxygen 

Reaction: 0 2 o2 0 FromA.il: K T = exp(-4. 356) = 0.01283 


Equilibrium: 


K-0-012S3 -M).£ 


; 2 J u 2 

So we need to solve two simultaneous reaction equations. Due to the small 
equilibrium constant the concentration of O is going to be small, but it will have 
the effect of requiring a larger heat transfer to reach 3000 K. 


From problem 14.46 y Q9 = 0.074 so assume this is nearly the same 

Yo = Vy« 2 K T = y/0-074 x 0.01283 = 0.03 
so about half of the oxygen is dissociated and we do need to solve the proper 
equations. 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or 
instructional purposes only to students enrolled in courses for which the textbook has been adopted. Any other 
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the bl976 United States 
Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


14.76 

Which other reactions should be considered in Problem 14.53 and which 
components will be present in the final mixture? 


2H^ + 0 9 <=> 2H 9 0 Species 

Other possible reactions from table A. 1 1 

H 2 2 H 0 2 o20 

So the final component list most likely has species as: 
PL H.0 H O OH 


H, 


O 


h 2 o 


2 H 9 0 <-> H 2 + 2 OH 
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14.77 


Redo Problem 14.46 and include the oxygen dissociation. 


Reaction 1: 

2 C 0 2 2 CO+ 0 2 

Progress variable x 

Reaction 2: 

0 2 o 20 

Progress variable y 

Component 

C0 2 CO 0 9 

O 

Ar 

initial 

2 1 0 

0 

1 

change 

equil. 

- 2 x + 2 x x-y 

2 - 2 x 1 + 2 x x-y 

+ 2 y 

2 y 

1 

The total number of moles is: n TQT = 4 + x 

From Table A.l 1 at 3000 K: 

+ y 


Ki = 

Z 

yco y 02 /P 

exp( -2.217) = 0.108935= 2 (p 

)3 -2 


Yco2 ° 

(1 + 2x ) 2 x - y (4 + x + y ) 2 ^ \i x - y (1 + 2x ) 2 1 

_ (4 + x + y ) 2 4 + x + y (2 - 2x ) 2 4 4 + x + y(i_ x ) 2 

then 

0.43574 (4 + x + y) (1 - x ) 2 = (x - y) (1 + 2x ) 2 (1) 

2 

yo / p \ 2 -i 

K 2 = exp( -4.356) = 0.0128296 = ( 5 -) 

Y02 

(2y) 2 4 + x + y _ y 2 1 

(4 + x + y) 2 x-y ' ' 4+x+yx-y 

0.0032074 (4 + x + y) (x - y) = y 2 (2) 

The two eq. (1) and (2) must be solved for the two variables (x,y) with the 
restrictions x > y > 0 and 0 < x <1 . Solution is: x = 0.347805, y = 0.06343 

The outlet has: 1.30439 C0 2 + 1.69561 CO + 1 Ar + 0.28438 O, + 0.12686 O 
Energy equation gives from Table A. 9 and A. 5 (for argon C p AT) plus the 
enthalpy of formation as the composition changes from inlet to exit. 

Q — ^ 1 'Ax h e x " ^ \ 'hn fn 

= 1.30439 (152853 - 393522) + 1.69561 (93504 - 110527) 

+ 1 (39.948 x0.52 x (3000 - 298)) + 0.28438 (98013) 

+ 0.12686 (56574 + 249170) -2 (-393522) - 1(-1 10527)- 1 (0) 

= 677 568 kW 
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14.78 


Ethane is burned with 150% theoretical air in a gas turbine combustor. The 
products exiting consist of a mixture of C0 2 , H 2 0, 0 2 , N 2 , and NO in 

chemical equilibrium at 1800 K, 1 MPa. Determine the mole fraction of NO 
in the products. Is it reasonable to ignore CO in the products? 

Combustion: 


C 2 H 6 + 5.25 0 2 + 19.74 N 2 -> 2 C0 2 + 3 H 2 0 + 1.75 0 2 + 19.74 N 2 


Products at 1 800 K, 1 MPa 
Equilibrium mixture: C0 2 , H 2 0, 0 2 , N 2 , NO 



N 2 

+ o 2 

o. 2 NO 

initial 

19.74 

1.75 

0 

change 

-X 

-X 

+2x 

equil. 

19.74-x 

1.75-x 

2x 


Equil. comp. n CQ2 = 2, n Q2 = 1.75-x, n NQ = 2x , n H2Q 


= 3, n N2 = 19.74-x 


K = 1.192xl0‘ 4 = 


Yno / P \0 


^N2^02 


& = 


4x‘ 


(19.74-x)(1.75-x) 


Solving, x = 0.031 75 


2x0.031 75 

y N0 = ^ 772 = 0.0024 


26.49 

b) 2 CO, 

initial 2 
change -2a 
equil. 2-2a 

K = 4.194xl0' 8 = 


<=> 


2 CO + 

0 

+2ft 

2a 


YcoY 


°2 

0 

+2x 

2x 


2 

Yc02 


° 2 /_P_\ 1 _/ 2a 7 , 
\p0/ -V9 _lJ V 


2a \2/1.75-x+a^ 1 


x: 


2-2a y v 26.49+a y 0.1 


This equation should be solved simultaneously with the equation solved in 
part a) (modified to include the unknown a). Since x was found to be small 
and also a will be very small, the two are practically independent. Therefore, 
use the value x = 0.031 75 in the equation above, and solve for a. 

/ a \ 2 ^ 1.75 -0.03 1 75+a^ /0. 1\ ^ 

fe) ( 26.49+a ) = (l0> x 4A94 x1 ° 

Solving, a = 0.000 254 or y co = 1.92xl0' 5 negligible for most applications. 
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14.79 

A mixture of 1 kmol water and 1 kmol oxygen at 400 K is heated to 3000 K, 
200 kPa, in a steady flow process. Determine the equilibrium composition at 
the outlet of the heat exchanger, assuming that the mixture consists of H 2 0, 

H 2 , 0 2 , and OH. 

Reactions and equilibrium eq'ns the same as in example 14.7 (but different 
initial composition). 

At equil.: n H9Q = 1 - 2a - 2b, n R2 = 2a + b, n Q9 = 1 + a 
n QH = 2b, n TQT = 2 + a + b 

Since T = 3000 K is the same, the two equilibrium constants are the same: 
From Table A. 1 1 : = 0.002 062, K 2 = 0.002 893 

The two equilibrium equations are 

K i = M - 2a - 2b' 2 + a + by^ K 2 = 2 + a + bM - 2a - 2b' V 0 ' 

which must be solved simultaneously for a & b. If solving manually, it 
simplifies the solution to divide the first by the second, which leaves a 
quadratic equation in a & b - can solve for one in terms of the other using the 
quadratic formula (with the root that gives all positive moles). This reduces 
the problem to solving one equation in one unknown, by trial & error. 

Solving => b = 0.116, a = -0.038 => 

n H20 = 0-844, n R2 = 0.0398, n Q2 = 0.962, n QH = 0.232, n TQT = 2.0778 

y H 2 o = 0 - 4 °62, y H2 = 0.0191, y Q2 = 0.4630, y QH = 0.1117 
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14.80 

Assume dry air (79% N 2 and 21% 0 2 ) is heated to 2000 K in a steady flow 

process at 200 kPa and only the reactions listed in Table A.ll are possible (and 
their linear combinations). Find the final composition (anything smaller than 1 
ppm, parts per million, is neglected) and the heat transfer needed for 1 kmol of air 
in. 


We could have: N 2 , N, 0 2 , O, NO, N0 2 

The possible reactions are: 


N 2 <=> 2 N 

K(T) 

0 2 <=> 2 O 

K(T) 

N 2 + 0 2 <=> 2 NO 

K(T) 

N 2 + 2 0 2 <=> 2 N0 2 

K(T) 


So from this we have only NO extra. 


exp(-41.655) ~ 0 
exp(-14.619) * small 
exp(-7.825) 
exp(-19.136) ~ small 



n 2 

°2 

o. 2 NO 

initial 

0.79 

0.21 

0 

change 

-X 

-x 

+2x 

equil. 

0.79 - x 

0.21 -x 

2x 

T 7” / ' 

■7 n/^r\ r\ aaa a 

2 

Yno / P > 

o 4x 2 

k = exp^- / .ozj ) - u.uuu^ = 

y \p0> 

N2 y 02 r 

’ = (0.79 - x)(0.21 - x) 

Solving, x 

= 0.004 




y N 2 = y Q2 

= 0.206, 

y NO = °- 008 


Q = H e x _ H in = 0.786 Ah N? + 0.206 Ah^ + 0.008 h NQ 

= 0.786 (56137) + 0.206 (59176) + 0.008 (57859 + 90291) 

= 57 499 kj/kmol 

If we had solved also for the oxygen O and N0 2 formation we would get 
approximately (neglect the effect on total moles) 

(yo / yo2)( p/p 0 ) = ex P(- 14 - 619 ) => y 0 ~ 0.0002 

(yN02/yN2yo2) ( p/p 0 ) 1 = ex P(- 19 - 136 ) => y NQ2 ~ 0.000018 

and the O energy addition would be: 0.0002(35713 + 249170) = 57 kJ/kmol 

very insignificant. 
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14.81 

One kilomole of water vapor at 100 kPa, 400 K, is heated to 3000 K in a constant 
pressure steady flow process. Determine the final composition, assuming that H 2 

O, H 2 , H, 0 2 , and OH are present at equilibrium. 

Reactions: 

1) 2 H 2 0 <=> 2 H 2 + 0 2 2) 2 H 2 0 <=> H 2 + 2 OH 

change -2a +2a +a change -2b -t-b +2b 

3) H 2 <=> 2 H 
change -c +2c 

At equilibrium (3000 K, 100 kPa) 


n H20 

l-2a-2b 

n G2 = a n H = 

2c 

n H2 = 

2a+b-c 

n OH - n TOT - 

1+a+b+c 

K 1 

2.062xl0' 3 

/ 2a+b-c \2 y a \ 
M-2a-2b' M+a+b-Kx 


(P/P°) 

1 



K 2 

2.893xl0' 3 

/ 2a+b-c \/ 2b Z 

(P/P°) 

1 

= M+a+b+cAl-2a-2b^ 

K 3 

2.496xl0' 2 

(2c) 2 

(P/P°) 

1 

(2a+b-c)( 1 -t-a+b+c) 


These three equations must be solved simultaneously for a, b & c: 
a = 0.0622, b = 0.0570, c = 0.0327 


and n TI , = 0.7616 

rizvj 

n R2 =0.1487 

n 02 = 0-0622 
n„„ = 0.1140 

Uri 

n R = 0.0654 


y H20 0.6611 

y H2 =0.1291 
y 02 = 0.0540 
y OH = 0.0990 
y H = 0.0568 
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14.82 

Water from the combustion of hydrogen and pure oxygen is at 3800 K and 50 
kPa. Assume we only have H 2 0, 0 2 , OH and H 2 as gases with the two simple 

water dissociation reactions active find the equilibrium composition. 


This problem is very similar to Example 14.7 in the text. The only difference is 
that we have T = 3800 K and P = 50 kPa. From table A.ll we have 


In K =- 1.906; K =0.14867; 


/ 2a + b y _ 
K i = M - 2a - 2m 1 


a 


2a - 2b y 1 + a + b v p 


(l>): 


In K 2 = -0.984 ; K 2 = 0.3738 


2a + b / 2b 

M - 


^2 1 + a + b 


2a -2b 


) 2 (£) 


So we have two equations as 

/2a + b\2 a /P\ 

(TTITTa) TTTTb = 1 K i ' (5s) = °- 29734 d) 

2a + b / 2b \ 2 /P\ 

TTITb(TT2^2b) = K 2 ! (?) = 0-7476 (2) 


Divide the second equation by the first to give 

4b 2 0.7476 

(2a + b) a “ 0.29734 


2.5143 


or 

2a 2 + ba - 1.5909 b 2 = 0 

a = - (b/4) ± (1/4) k/b 2 - 4 x 2 x (-1.5909 b 2 ) = 0.676256 b 
Now we can do trial and error on equation 1 for only one variable, say b: 

a = 0.14228, b = 0.2104 


n H9n = 1 - 2a - 2b = 0.29464, n H = 2a + b = 0.49496, 

JrizU rlZ 

n„, = a = 0. 14228, n = 2b = 0.4208 

UZ Un 
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14.83 

Methane is burned with theoretical oxygen in a steady flow process, and the 
products exit the combustion chamber at 3200 K, 700 kPa. Calculate the 
equilibrium composition at this state, assuming that only C0 2 , CO, H 2 0, H 2 , 0 2 , 

and OH are present. 

Combustion: CH 4 + 2 0 2 — > C0 2 + 2 H 2 0 

Dissociation reactions: 


1) 2 H 2 0 <=> 2 H 2 + 0 2 


2) 2 H 2 0 <=> H 2 + 2 OH 


change - 2 a + 2 a -t-a change - 2 b +b + 2 b 

3) 2 C0 2 <=> 2 CO + 0 2 

change - 2 c + 2 c +c 

At equilibrium: 

n H20 = 2-2a-2b n Q2 = a+c n co2 = l-2c 

n H2 = 2n+b n QH = 2b n co = 2c 

n TQT = 3+a+b+c 

Products at 3200 K, 700 kPa, from A.l 1 

/ 2 a+b \ 2 / a+c \ /7 ()()\ 

K t = exp(-4.916) = 0.007 328 = ( 2 _2 a -2b) Q+a+b+c) (loo) 

K 2 = exp(-4.401) = 0.012 265 = ( 2 _2 a -2b^ ^3+a+b+c) (lOO^ 

K 3 = exp(-0.853) = 0.426 135 = (^) ( 3 ^^) W 


These 3 equations must be solved simultaneously for a, b, & c. If solving by 
hand divide the first equation by the second, and solve for c = fct(a,b). This 
reduces the solution to 2 equations in 2 unknowns. Solving, 

a = 0.024, b = 0.1455, c = 0.236 


Substance: 

h 2 o 

H 2 

°2 

OH 

co 2 

CO 

n 

1.661 

0.1935 

0.260 

0.291 

0.528 

0.472 

y 

0.4877 

0.0568 

0.0764 

0.0855 

0.1550 

0.1386 
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14.84 

Butane is burned with 200% theoretical air, and the products of combustion, an 
equilibrium mixture containing only C0 2 , FF,0, 0 ? , N ? , NO, and NO ? , exit from 

the combustion chamber at 1400 K, 2 MPa. Determine the equilibrium 
composition at this state. 

Combustion: 

C 4 H 1q + 13 0,, + 48.9 N 2 -> 4 CO,, + 5 H,,0 + 6.5 O^ + 48.9 N 2 
Dissociation: 

1) N 2 + 0 2 ^2N0 2) N 2 + 20 2 <=> 2 N0 9 

change -a -a +2 a change -b -2b +2b 


At equilibrium: 

n H20 - 3 
n = 4 


C02 


n N2 = 48.9-a-b 
n Q2 = 6.5-a-2b 


n NO 3a 
n N02 = 

n TOT = 64.4-b 


At 1400 K, fromA.il: K L = 3.761xl0" 6 , K 2 = 9.026xl0' 10 


K. = 


(2a)' 


K = 


(2b) 2 (64.4-b) 


i - (48.9-a-b)(6.5-a-2b) ’ “2 “ (6.5-a-2b) 2 (48.9-a-bf P° ; 

As Kj and K, are both very small, with K, « K |5 the unknowns a & b will 
both be very small, with b « a. From the equilibrium eq.s, for a first trial 

2 48.9 


a ~ 2 ^KjX48.9x 6.5 ~ 0.0173 ; b ~ 2*6.5 ~\j K,x~ 


x 


64.4 


0.000 38 


Then by trial & error, 


a' 


3.761xl0' 6 


(48.9-a-b)(6.5-a-2b) 


= 0.940 25xl0' 6 


b 2 (64.4-b) 


9.026xl0' 10 x(^-) 


(6.5-a-2b) 2 (48.9-a-b) 


= 45.13xlO' 10 


Solving, a = 0.017 27, b = 0.000 379 


n =4 

C02 


n H20 ^ ’ 


n N2 =48.882 , 


n Q2 = 6.482 , 


Yrm = 0.062 1 1 , y HOn = 0.077 64 , y N2 = 0.759 04 , y n9 = 0. 100 65 


C02 

n NO = 0 - 034 54 ’ 


H20 

n N02 = 0-000 76 


02 


y NO = 0.000 55 , y Mno = 0.000 01 


N02 
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14.85 

One kilomole of air (assumed to be 78% nitrogen, 21% oxygen, and 1% argon) at 
room temperature is heated to 4000 K, 200 kPa. Find the equilibrium composition 
at this state, assuming that only N 2 , 0 2 , NO, O, and Ar are present. 


1 kmol air (0.78 N 2 , 0.21 0 2 , 0.01 Ar) heated to 


4000 K, 200 kPa. 

Equil.: 

1) N 0 + O,, <=> 2 NO 
change -a -a +2a 

2) 0 9 <=> 2 O 

change -b +2b 


K = 0.0895 = 


4a' 


/ 200x0 
Vino/ 


K =2.221 = 


(0.78-a)(0.21-a-b) MOO 


4b' 


/ 200 \ 

(l+b)(0.21-a-b) MOO'' 


n N2 = 0.78-a 
n Q9 = 0.21-a-b 
n =0.01 

Ar 

n o =2b 
n NO = 2a 

n = l+b 

tot 


Divide 1st eq'n by 2nd and solve for a as function(b), using 
K p 

x = F ^) =a0806 


Get 


Xb 2 r / 4x0.78(l+b)-i 

a -2(l+b)L ' 1+ k/ 1+ Xb 2 J (D 

Also 

b 2 K 2 (2) 

(l+b)(0.21-a-b) = 4 (P/P°) = 0,277 63 

Assume b = 0.1280 From(l), get a = 0.0296 

Then, check a & b in (2) => OK 

Therefore, 

n N2 = 0.7504 n Q = 0.2560 y N2 = 0.6652 y Q = 0.2269 
n Q? = 0.0524 n NQ = 0.0592 y Q9 = 0.0465 y NQ = 0.0525 
n =0.01 y. =0.0089 

Ar J Ar 
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14.86 


Acetylene gas and x times theoretical air (x > 1) at room temperature and 500 kPa 
are burned at constant pressure in an adiabatic steady flow process. The flame 
temperature is 2600 K, and the combustion products are assumed to consist of N 0 , 

0 2 , C0 2 , H 0 0, CO, and NO. Determine the value of x. 

Combustion: 

C 9 H^ + 2.5x 0 9 + 9.4x N 2 -> 2 C0 0 + R,0 + 2.5(x-l)0 2 + 9.4x N 2 
Eq. products 2600 K, 500 kPa: N , 0 2 , C0 9 , R,0, CO & NO 


2 Reactions: 


1) 2 C0 2 <=> 2 CO + 0 2 


2) N 2 + 0 2 <=> 2 NO 


change -2a +2a 

Equil. Comp.: n N9 = 9.4x-b , 


+a 


n H20 1 ’ 


change -b -b 
n co=2a, n 


NO 


+2b 
= 2b 


n Q2 = 2.5x - 2.5 + a - b , 


n co 2 = 2 - 2a , n TOT = 1 1.9x + 0.5 + a 


At 2600 K, fromA.il: K = 3.721 x 10' 3 , K 2 = 4.913x10 


i-3 


EQ1: 


EQ2: 


K 


3.721xl(f / a x 2.5x - 2.5 + a - b \ 

= vi . a ) v 1 1 Qy j- n s j- o / 


(P/P°) 5 

K =4.913x10' 3 = 


(2b) 


11. 9x + 0.5 + a 

2 


' 2 - (9.4 - b)(2.5x - 2.5 + a - b) 

Also, from the energy Eq.: H p -H R = 0 where 

H d = 1 (+226 731) + 0 + 0 = +226 731 kJ 

K 

H p = (9.4x - b)(0 + 77 963) + (2.5x - 2.5 + a - b)(0 + 82 225) 

+ (2 - 2a)(-393 522 + 128 074) + 1(— 241 826 + 104 520) 

+ 2a(-110 527 + 78 679) + 2b(90 291 + 80 034) 

Substituting H R and H p into the energy equation, 

EQ3: 988 415x + 549 425a + 180 462b - 1 100 496 = 0 

which results in 3 equations in the 3 unknowns x, a, b. Assume x = 1.07 then 

? / a \2X).175 + a - b\ 

EQl: 7.442 x 10 - 2 = ( T ^)( m33 + a ) 


EQ 2 : 12283 x 10 3 - (10.058 - b)(0.175 + a + b) 

Solving, a = 0.1595, b = 0.0585 Then checking in EQ3, 

988 415x1.07 + 549 425x0.1595 + 180 462x0.0585 - 1 100 496 « 0 
Therefore, x = 1.07 
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14.87 

One approach to using hydrocarbon fuels in a fuel cell is to “reform” the 
hydrocarbon to obtain hydrogen, which is then fed to the fuel cell. As a part 
of the analysis of such a procedure, consider the reforming reaction 

CH 4 + H^O <=> 3H 0 + CO. Determine the equilibrium constant for this 

reaction at a temperature of 800 K. 

CH 4 + H 9 0 <=> 3R, + CO 

The equilibrium constant from Eq.14.15 depends on AG° and T. 

For CH 4 , use C pQ at average temperature 550 K ~ ^ (298 + 800) K. 

Table A. 6, C pQ = 49.316 kJ/kmol K 

hsoo K = hf + C po AT = -74 873 + 49.316 (800 - 298.2) 

= -50 126 kJ/kmol 

o 800 

S 800 K= 186.251 + 49.316 In 2^g ^ ~ 234.918 kJ/kmol K 

The rest of the properties are from Table A. 9 at 800 K. 

AHgooK = 3(0 + 14 681) + 1(— 110 527 + 15 174) - l(-50 126) 

- 1 (—24 1 826+ 18 002) = +222 640 kJ/kmol 

ASg00K= 3(159.554) + 1(227.277) - 1(234.918) - 1(223.826) 

= +247.195 kJ/kmol K 

AG° = AH 0 - TAS° = 222 640 - 800(247.195) = +24 884 kJ/kmol 
AG° -24 884 

In K = = ~ — = -3.7411 => K = 0.0237 

^ 8.3145x800 
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14.88 

A coal gasifier produces a mixture of 1 CO and 2H 2 that is fed to a catalytic 
converter to produce methane. The reaction is CO + 3H 2 <=> CH 4 + H 2 0. The 

equilibrium constant at 600 K is K = 1.83 x 10 6 . What is the composition of the 
exit flow assuming a pressure of 600 kPa? 


The reaction equation is: 



CO 

+ 3H 2 o 

CH 4 + 

h 2 0 

initial 

1 

2 

0 

0 

change 

-x 

-3x 

+x 

+x 

equil. 

1 -x 

2 - 3x 

X 

X n 

TOTAL 


2x 


K = 


y C H 4 ^H 2 ° ^ p ^ 1+1— 1—3 

3 W 

YH 2 y co 


x 2 (3 - 2x) 2 , p_x -2 
(l-x)(2 - 3x) 3 V 7 


/600\ 2 

1.83 x 10 6 x (Yoq) =6 - 588 x 10 


7 


x 2 (3 - 2x) 2 
(l-x)(2-3x) 3 


Trial and error to solve for x. 


x = 0.6654 LHS = 6.719 x 10 7 
x = 0.66538 LHS = 6.41 x 10 7 

x = 0.66539 LHS = 6.562 x 10 7 close enough 


ncH4 - 0.66539, i^h 20 — 0.66539, n^o — 0.66539, n ^2 — 0.00383 
so we used up nearly all the hydrogen gas. 
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Gasification of char (primarily carbon) with steam following coal pyrolysis yields 
a gas mixture of 1 kmol CO and 1 kmol H r We wish to upgrade the hydrogen 

content of this syngas fuel mixture, so it is fed to an appropriate catalytic reactor 
along with 1 kmol of H^O. Exiting the reactor is a chemical equilibrium gas 

mixture of CO, H ? , H 0 O, and C0 9 at 600 K, 500 kPa. Determine the equilibrium 

composition. Note: see Example 14.4. 


1 CO + 1 h 2 
+ ih 2 o 

■=£ 

Constant 
> pressure 12 

reactor 

=> 

Chem. Equil. Mix 600 K 
CO, H 2 , H.,0, C0 9 500 kPa 

(1) 

1 CO + 1 H,0 1 CO, + 1 

H 2 

(Water gas reaction) 


-X 

-X 

+x 

+X 


(2) 

2 H 2 0 <=> 2 H 2 + 1 0 2 


(3) 

2 CO ? <=> 2 CO + 10,, 

Reaction 

1 1 
(1) = 2 (2) - 2 

■(3) 




From Table A. 1 1 at 600 K 

In Kj = |[-85.79 - (-92.49)] = +3.35, K 1 = 28.503 
Equilibrium: 

n C 0 -l -x > n H20~l~ X ’ n cO2~0 + X ’ n H2~^ +X 

X n = 3, notice the reaction is pressure insensitive. 

k = Ws ( p )1= We = xo+xi = 2g503 

^co^mo P ^co^mo (1 ■ x ) 

Solve for x: x = 0.7794 



n 

y 

% 

CO 

0.2206 

0.0735 

7.35 

H 9 0 

0.2206 

0.0735 

7.35 

co 2 

0.7794 

0.2598 

26.0 

H 2 

1.7794 

0.5932 

59.3 
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The equilibrium reaction as: CH 4 <=> C + 2H 2 . has In K = -0.3362 at 800 K and 

In K = -4.607 at 600 K. By noting the relation of K to temperature show how you 
would interpolate In K in (1 IT) to find K at 700 K and compare that to a linear 
interpolation. 


A. 1 1 : In K = - 0.3362 at 800K In K = -4.607 at 600K 

J \_ 

700 ' 800 

lnK ?()0 = lnK g0Q + -j- y~ x (-4.607 + 0.3362) 

600' 800 

800 
700 1 

= -0.3362 + x (-4.2708) = - 2.1665 
600' 1 

Linear interpolation: 

700 - 600 

lnK 700 - lnK 600 + 800 -600 ,lnK *oo " lnK 600^ 

= -4.607 + \ (-0.3362 + 4.607) = - 2.4716 

Comment: Look at the van’t Hoff equation in Problem 14.56 and integrate it 
with temperature assuming AH 0 is constant. That gives In K = C - AH°/T. 
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One approach to using hydrocarbon fuels in a fuel cell is to “reform” the 
hydrocarbon to obtain hydrogen, which is then fed to the fuel cell. As a part of the 
analysis of such a procedure, consider the reaction CH 4 + H 2 0 <=> CO + 3H 2 . 

One kilomole each of methane and water are fed to a catalytic reformer. A 
mixture of CH 4 , H 2 0, H 2 , and CO exits in chemical equilibrium at 800 K, 100 

kPa; determine the equilibrium composition of this mixture using an equilibrium 
constant of K = 0.0237. 

The reaction equation is: 



ch 4 + 

h 2 o 

~ 3H 2 

+ CO 

initial 

1 

1 

0 

0 

change 

-X 

-X 

+3x 

+x 

equil. 

(i- X ) 

(i- x ) 

3x 

X 


n TOTAL = l - x + l~ x + 3x + x = 2 + 2x 


3 

ymYco , Px 2 _ (3 x) 3 x / 100x2 

y C H4y H 2o ~ (i - x )(i - x )(2 + 2x) 2 M(xy 


/ x \2/ x \ 2 4x0.0237 

or (in) (m) = = 0.003 5 1 


27x1 


or 


x' 


1 -x- 


= Vo.003 51 = 0.059 25 Solving, x = 0.2365 


n CH4 = 0.7635 ^ 

n H20 _ 0.7635 
n OT = 0.7095 

tiZ 

n co = 0-2365 
n TQT = 2.473 ^ 


r 


> < 




y C H4 = 0- 3087 

y H2 o = °- 3087 

y H2 = 0-2870 
y co =0.0956 
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Consider a gasifier that receives 4 kmol of carbon-monoxide, 3 kmol 
hydrogen and 3.76 kmol nitrogen and brings the mixture to equilibrium at 
900 K, 1 MPa with the following reaction: 

2 CO + 2 H 2 <=> CH 4 + C0 2 

which is the sum of Eq. 14.32 and 14.33. If the equilibrium constant is K = 
2.679 find the exit composition. 


The reaction takes place with the nitrogen as a dilutant. 


reaction 

2 CO 

+ 

2 H 2 

<=> ch 4 + 

co 2 

also N 

initial 

4 


3 

0 

0 

3.76 

change 

-2x 


-2x 

+x 

+x 

0 

equil. 

(4-2x) 


(3-2x) 

X 

X 

3.76 

n TOT 

= 10.76 - 

2x 





K = 

ycH4 y C0 2 


k -2 XXX 

x (10.76 - 2x) 2 , 

P y 2 


2 2 
Yco Yh 2 

VpOy 

' = (4- 

2x) 2 (3 - 2x) 2 

p0/ 



or take the square-root to get 

x(10.76-2x) P i- 1 , 

(4 - 2x)(3 - 2x) “ p 0 ^ “ 0. W 2 - 679 “ 16368 


2 


By trial & error or solve the quadratic eq. in x, x = 1.2781 


n CO =L444 ’ n H2 = 0 - 444 ’ n CH4 =n C02 =L278 ' n N2 = 3 ' 76 

y CO - 0 - 176 ’ yH2 - ®'® 34, yCH 4 _ ycO2 _0 - 156, yN2 - 0 ' 438 
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Consider the production of a synthetic fuel (methanol) from coal. A gas mixture 
of 50% CO and 50% H leaves a coal gasifier at 500 K, 1 MPa, and enters a 

catalytic converter. A gas mixture of methanol, CO and H 2 in chemical 
equilibrium with the reaction: CO + 2H 1 <=> CH 3 OH leaves the converter at the 

same temperature and pressure, where it is known that In K = -5.1 19. 

a. Calculate the equilibrium composition of the mixture leaving the converter. 

b. Would it be more desirable to operate the converter at ambient pressure? 



CH 3 OH, CO, H, 
500 K, 1 MPa 


Reaction: 

initial 

change 

equil. 


CO 

1 

-x 

(1-x) 


+ 


2H 2 

1 

-2x 

d-2x) 


<=> 


_ y CH3QH / P y 2 _ / X x /2-2Xx2.Py2 
a ) K - 2 ( p o) -(l-xAi. 2x Mpo) 
y co yH2 

In K = -5.1 19, K = 0.005 98 

x(l-x) 0.005 98/1x2 


ch 3 oh 

0 

+x 

X 

=> 


x(l-x) 


- -(-) 2 

2~ A \rj0/ 


(l-2x) 2 4^p 


jj yo / 1 

(— ) =0.1495 => x = 0.1045 


(l-2x) 

n CH30H = x = 0. 1045, n co = 1-x = 0.8955, 
Ych 30H = 0.0583, y co = 0.5000, 


11 


H2 


= 1 -2x = 0.791 


y H 2 = 0.4417 



For P = 0. 1 MPa 

x(l-x) 0.005 98/0.K2 


jj yo/\j. i\^ 

5 — W =°- 001495 


(l-2x) 

x is much smaller (~ 0.0015) not good 
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At 10 000 K the ionization reaction for Ar is: Ar <=> Ar + + e _ with 

equilibrium constant of K = 4.2 x 10 -4 . What should the pressure be for a mole 
concentration of argon ions (Ar + ) of 10%? 


From the reaction (ionization) we recognize that the concentration of electrons 
must equal that of argon ions so 

YAt+ = Ye" = °- 1 and YAr = 1 - YAr+ “ Ye" = °- 8 

Now 


K = 4.2 x 10“ 4 


YAr+ Ye- 
YAr 



1 + 1-1 


0.1 X 0,1 P 

0.8 100 


P = 0.00042 x 


0.8 

0.1 x 0.1 


x 100 = 3.36 kPa 
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Repeat the previous problem assuming the argon constitutes 1% of a gas mixture 
where we neglect any reactions of the other gases and find the pressure that will 

give a mole-concentration of Ar + of 0.1%. 

Previous problem: 

At 10 000 K the ionization reaction for Ar is: Ar <=> Ar + + e _ with 

equilibrium constant of K = 4.2 x 10 -4 . What should the pressure be for a mole 
concentration of argon ions (Ar + ) of 10%? 



Ar <=> 

Ar + 

+ e 

others 


Initial: 

0.01 

0 

0 

0.99 


Change 

-X 

X 

X 

0 


Final 

0.01-x 

X 

X 

0.99 

Total = 1 + x 


From the reaction (ionization) we recognize that the concentration of electrons 
must equal that of argon ions so 

YAr+ = y e - = 0.001 =x/(l+x) ■=> x = 0.001001 

yAr = (0.01 - x) /(I +x) = 0.00899 

Now 


K = 4.2 x 10“ 4 


YAr+ y e ~ 
YAr 



1 + 1-1 


0.001 x 0.001 P 
0.00899 100 


P = 0.00042 x 8990 x 100 = 377 kPa 
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Operation of an MHD converter requires an electrically conducting gas. It is 
proposed to use helium gas “seeded” with 1.0 mole percent cesium, as shown in 

Fig. P14.96. The cesium is partly ionized (Cs <=> Cs + + e~) by heating the mixture 
to 1800 K, 1 MPa, in a nuclear reactor to provide free electrons. No helium is 
ionized in this process, so that the mixture entering the converter consists of He, 

Cs, Cs + , and e~ . Determine the mole fraction of electrons in the mixture at 1800 K, 
where In K= 1.402 for the cesium ionization reaction described. 

Reaction: Cs <=> Cs + + e _ , Also He In K= 1.402 

initial 0.01 0 0 0.99 => K = 4.0633 

change -x +x +x 0 

Equil (0.0 1-x) x x 0.99 ; total: 1 + x 


K = 


y e - yc s+ 

yes 



X 

0.01 -x 




or 


( 


x 

0.01 -x 



= 4.0633/ (1/0.1) = 0.40633 


Quadratic equation: 


x = 0.009767 

y e = = 0.00967 

: e - 1 + x 
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One kilomole of argon gas at room temperature is heated to 20 000 K, 100 kPa. 
Assume that the plasma in this condition consists of an equilibrium mixture of Ar, 

Ar + , Ar ++ , and e~ according to the simultaneous reactions 
(1) Ar <=> Ar + + e (2) Ar + <=> Ar ++ + c‘ 


The ionization equilibrium constants for these reactions at 20 000 K have been 
calculated from spectroscopic data as In K 1 = 3.11 and In K 2 = -4.92. Determine 
the equilibrium composition of the plasma. 

1) Ar <=> Ar + + e" 2) Ar + <=> Ar ++ + e" 

ch. -a +a -i-a ch. -b +b +b 

Equil. Comp.: n Ar = 1-a, n Ar+ = a-b, n Arf+ = b, n g _ = a+b, n T0T =l+a+b 



YAr+YeY P \ 

YAr V' 


(a - b)(a + b) 
“(1 -a)(l + a + b) 


(1) = 22.421 



y Ar++y e~ { P \ 

y Ar+ V' 


b(a + b) 

= (a - b)(l + a + b) 


(1) = 0.0073 


By trial & error: a = 0.978 57, b = 0.014 13 

n e _ = 0.9927 
y e _ = 0.4982 


n Ar = 0.02143, n^ = 0.96444, n Ar++ = 0.01413, 
y Ar = 0.0107, y Ar+ = 0.484, y Ar++ = 0.0071, 
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At 10 000 K the two ionization reactions for N and Ar as 

1: Ar <=> Ar + + e _ 2: N <=> N + + e - 

have equilibrium constants of = 4.2 x 10 -4 and BA = 6.3 x 10~ 4 , 
respectively. If we start out with 1 kmol Ar and 0.5 kmol N 2 , what is the 
equilibrium composition at a pressure of 10 kPa? 


At 10 000 K we assume all the nitrogen is dissociated to N. 

Assume we shift the argon ionization with a and the nitrogen ionization with b we 
get 


Initial 

Change 

Final 


K : = 4.2 x 10“ 4 
K 2 = 6.3 x 10“ 4 


Ar 

Ar + 

e 

N 

N + 



1 

0 

0 

1 

0 



-a 

a 

a + 1 

) -b 

b 



1-a 

a 

a + b 

i 1-b 

b 

Tot: 

2 + a + b 

YAt+Y* 

>( JA 


a (a + b) 


io. 

(1) 

YAt 

VpO/ 

= (1- 

■ a)(2 + a ■ 

fb) 

400 J 

YN+Ye, 

Y 


b (a + b) 


10 

/ \ 

(2) 

Yn 

VpO/ 

= (1- 

b)(2 + a + b) 

H00 j 


Divide the second equation with the first to get 

b ( 1 - a) _ k 2 b - ab 

(1 - b) a - K| - ^ a - ab ~~ 

b-ab= 1.5 a- 1.5 ab => b = 1.5 a- 0.5 ab = a(1.5 - 0.5 b) 


a = | ^ _ q ^ ^ trial and error on equation ( 1 ) 


a 

= 0.059 and 

b = 0.086 



n Ar = 0.941, 

n Ar+ = 0.059, 

n N = 0.914, 

n N+ = 0.086, 

n e . = 0.145 

Ya, = 0.439, 

YAr+ = °- 027 ’ 

Yn = 0.426, 

Yn+ = 0.04, 

y e _ = 0.068 
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Plot to scale the equilibrium composition of nitrogen at 10 kPa over the 
temperature range 5000 K to 15 000 K, assuming that N 2 , N, N + , and e~ are 


present. For the ionization reaction N <=> N + + e , the ionization equilibrium 
constant K has been calculated from spectroscopic data as 

T [KJ 10000 12 000 14 000 16 000 
100X" 0.0626 1.51 15.1 92 

1) N 2 2N 2) N <=> N + + e' 

change -a +2a change -b +b +b 


Equil. Comp.: 
EQ1: 


n N2 =1 ' a ’ n N = 2a - b ' n N + = b ' n e- = b 

_ In /P.\ (2a - b) 2 /P\ 

Yn 2 ^P°' (1 - a)(l + a + b) xpO/ 


EQ2: K 9 = 

For T < 10 000 K: 


y N+ y e - 


y 


N 


(£) = 


(2a - b)(l + a + b) kp 




b ~ 0 so neglect EQ2: => Kj = 


4a' 


(1-a 2 ) 



118 260 

To extrapolate Kj above 6000 K: In Kj « 16.845 - ^ 

(from values at 5000 K & 6000 K) 


T(K) 

K i 

a 


^N2 

5000 

0.0011 

0.0524 

0.0996 

0.9004 

6000 

0.0570 

0.3532 

0.5220 

0.4780 

7000 

0.9519 

0.8391 

0.9125 

0.0875 

8000 

7.866 

0.9755 

0.9876 

0.0124 

10000 
For T > 10 

151.26 

000 K: a « 1.0 

0.9987 

0.9993 

b 2 { 

0.0007 
' 10 x b 2 

=> k 2 

~ (2-b)(2+b) v 

U00^ _ (4-b 

T(K) 

K 2 

b 

y N 

y N+ 

10 000 

6.26xl0‘ 4 

0.1577 

0.8538 

0.0731 

12 000 

1.51xl0" 2 

0.7244 

0.4862 

0.2659 

14 000 

0.151 

1.5512 

0.1264 

0.4368 

16 000 

0.92 

1.8994 

0.0258 

0.4871 


Note that b « 0 is not a very good approximation in the vicinity of 10 000 K. 
In this region, it would be better to solve the original set simultaneously for a 
& b. The answer would be approximately the same. 
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Are the three reactions in the Zeldovich mechanism pressure sensitive if we look 
at equilibrium conditions? 

No. All three reactions have two moles on the left and right hand sides and the 
net power to the pressure correction term is zero. 
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Assume air is at 3000 K, 1 MPa. Find the time constant for the NO formation. 
Repeat for 2000 K, 800 kPa. 

if. 1/9 58 300 

From the rate in Eq. 14.40: x NO = 8 x 10" T (P 0 /P) 1/2 exp( — j — ) 

m i n 58 300 

Case a: x NO = 8 x 10 x 3000 (100/1000) 172 exp( 3QQ0 ) 

= 2.09 x 10' 4 s = 0.209 ms 

1/? 58 300 

Case b: t no = 8 x 10' 16 x 2000 (100/800) 172 exp( 20QQ ) 

= 2.58 s 

Notice the significant difference in time constants. 
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Consider air at 2600 K, 1 MPa. Find the equilibrium concentration of NO 
neglecting dissociations of oxygen and nitrogen. 


1 kmol air (0.78 N 2 , 0.21 0 2 , 0.01 Ar) at 2600 K, 1 MPa. 


n 2 + 

°2« 

2 NO 

Ar 

n N2 = 0.78 - x 

0.78 

0.21 

0 

0.01 

n Q2 = 0.21- x 

-X 

-X 

+2x 


n NO = 2x ’ n ar = 0-01 

0.78-x 

0.2 1-x 

2x 

0.01 

O 

y—i 

II 

o 

G 


From A. 1 1 at 2600 K, In K = -5.316, K = 0.0049124 


K = 


4x‘ 


(0.78 - x)(0.21 - x) 


(P-V 

— y ^ vnO/ 


X' 


0.0049124 


(0.78 - x)(0.21 - x) 


= 0.001228 and 0<x<0.21 


2x 


Solve for x: x = 0.0136 ■=> y N() = y"g = 0.0272 
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Redo the previous Problem but include the dissociation of oxygen and nitrogen. 

1 kmol air (0.78 N 2 , 0.21 0 2 , 0.01 Ar) at 2600 K, 1 MPa. 

(1) O, <=> 2 0 InK = -7.52, Ki = 0.000542 = (y^/y 0 2 ) P/P 0 

(2) N, <=> 2 N InK = -28.313, K 2 = 5.056 x Kb 13 = P/P 0 

(3) N 2 + 0 2 <=> 2 NO InK = -5.316, K 3 = 0.00491 = (y 2 NO /y m yoi) 

Call the shifts a,b,c respectively so we get 

no 2 = 0.21 -a-c, no = 2a, nN 2 = 0.78 - b - c, nN = 2b, 

nNo = 2c, nAr = 0.01, n to t=l+a + b 

From which the mole fractions are formed and substituted into the three 
equilibrium equations. The result is 

0.0005 42 x 0.1 = yo/y 0 2 = 4a 2 / [(l+a+b)(0.21-a-c)] 

5.056 x 10- 14 = y^/yN 2 = 4b 2 / [(l+a+b)(0.79-b-c)] 

0.00491 = yN 0 /yN 2 yo 2 = 4c 2 / [(0.79-b-c)(0.21-a-c)] 

which give 3 eqs. for the unknowns (a,b,c). Trial and error assume b = a = 0 solve 
for c from the last eq. then for a from the first and finally given the (a,c) solve for 
b from the second equation. The order chosen according to expected magnitude 
K 3 > Ki > K 2 

a = 0.001626, b = 0.99xlQ- 7 , c = 0.01355 => 


n O 2 = 0.1948, n o = 0. 00325, n N2 = 0.7665, n N = 1.98 x Kb 7 , 

n N o = 0.027 1 , n^r = 0.01 

y NO = n NO / n tot = 0.0271 / 1.00165 = 0.02706 

Indeed it is a very small effect to include the additional dissociations. 
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Calculate the equilibrium constant for the first reaction in the Zeldovich 
mechanism at 2600 K, 500 kPa. Notice this is not listed in A. 11. 

The reaction and equilibrium constant are 

0 + N 2 <=> NO + N 

AG° n n o 

In K = ; AG° = AH 0 - TAS° 

RT 

AH 0 = h NO + h N - h Q - h N2 = (80034 + 90291) + (47860 + 472680) 
- (48216 + 249170) - 77963 = 315 516 kJ/kmol 

AS 0 = s NO + s N - s 0 - s N2 

= 282.822 + 198.322 - 206.714 - 261.615 = 12.815 kJ/kmol-K 
AG° = 315 516 - 2600 x 12.815 = 282 197 kJ/kmol 
AG° 282 197 

in K = = - a^ AAno T7T77 = —13.054, K = 2.14xl0' 6 

8.314472x 2600 
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14.105 

Find the equilibrium constant for the reaction: 2NO + O 2 <=> 2NC>2 from the 

elementary reaction in Table A.ll to answer these two questions. Which of the 
nitrogen oxides NO or NO 2 is the more stable at 25°C, 100 kPa? At what T do we 
have an equal amount of each? 

The elementary reactions are the last two ones in Table A.ll: 

a) N 2 + O 2 2 NO b) No + 2 O 2 2 NO 2 

Actual reaction is : c = b - a => ln(K c ) = ln(K b ) - ln(K a ) 


At 25°C (approx. 300 K) TableA.il: ln(K a ) = -69.868; 


ln(K b ) = -41.355 


so now: 

ln(K c ) = -41.355 +69.868 =28.5 => K c = 2.4 x 10 12 

meaning reaction is pushed completely to the right and N0 2 is the stable 
compound. Assume we start at room T with 1 kmol NO 2 : then 




NO 

0 2 

no 2 

TOT 

start 


0 

0 

1 


change 


2x 

X 

-2x 


Final 


2x 

X 

l-2x 

1+x 

of each 






y(NO) = 

2x 

1 + X 

= 

y(N0 2 ) = 

1 - 2x 

1 + X 



x = 0.25 


K(T) = 


(1 - 2x) 2 0.5 


2 


4x- 


4 x 0.25 


= 4 


ln(K)= 1.386 


We quickly see 

ln(K) at 500 K = -30.725 + 40.449 = 9.724 
ln(K) at 1000 K = -23.039 + 18.709 = -4.33 
Linear interpolation T = 500 + 0.406 x 500 = 703 K 
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14.106 

If air at 300 K is brought to 2600 K, 1 MPa, instantly, find the formation rate of 
NO. 

The formation rate of NO is given by Eqs. 14.39-40 using the equilibrium 
concentration in Eq. 14.41. If we assume NO formation takes place and that the 
oxygen and nitrogen have not dissociated their concentrations are (we neglect the 
argon) 

N2 + O2 < £ = J > 2 NO 

yNOe = 2x > yO2 = 0 - 21 - x and yN2 = °- 79 - x 

At 2600 K from A. 1 1 

In K 4 = -5.316 O K 4 = 0.0049124 

so then we have 

yNOe = 2x = [K 4 (0.21 - x) (0.79 - x) ] 1/2 solve for x = 0.0136 

y NOe = 2x = 0.0272 

if. 1/9 58 300 

From the rate in Eq. 14.40: t no = 8 x 10" T (P 0 /P) i/i- exp( — j — ) 

16 1 n 58 300 

x NO = 8 x 10" 16 x 2600 (100/1000) 172 expC 26QQ ) = 0.0036 s 

The formation rate is 

dyNO yNOe 0.0272 _! 

dt _ t no “ 0.0036 s “ 7,56 S 
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14.107 

Estimate the concentration of oxygen atoms in air at 3000 K, 100 kPa and 0.0001 
kPa, Compare this to the result in Fig. 14. 1 1. 


For the dissociation of oxygen and nitrogen we get from A.l 1 
0 2 : In K = -4.356, N 2 : In K = -22.367 

from which it is evident that we need only to consider oxygen. 


0 2 

20 

N 2 

Ar 

n N2 = 0-78 " 

X 

0.21 

0 

0.78 

0.01 

n 02 = 0- 2 l ' 

X 

-X 

+2x 



n NO = ^ X ’ 

n ar = 0 -01 

0.21-x 

2x 

0.78 

0.01 

n tot = 1 + X 



K(T) = 


2 

yo 

yo2 


\2-l 


IPo J 


4x- 


1 


1 + x 0.21 - x 


^ 2x 1 + x P _ 4x 2 1 P 

V 1 + xj 0.21 - x P 0 ~~ 1 + x 0.21 - x P 0 

P P 

f K(T) = yexp(-4.356) 


P = 100 kPa: RHS = 0.01283 
P = 0.0001 kPa: RHS = 12830 


x = 0.0247, y 0 = f~ 

2x 

x = 0.21, yo = T-T = 


= 0.0482 
0.347 


We notice from Fig. 14.11 that at 3000 K all the oxygen is dissociated so 
n O / n atoms in air = °- 21 so n O = °- 42 > YO = 0.42/1.21 = 0.347 
since air is mainly diatomic so n atoms in air « 2 (scale is confusing). 
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14.108 

At what temperature range does air become a plasma? 

From Fig. 14.1 1, we note that air becomes predominantly ions and 
electrons, a plasma, at about 10-12 000 K. 
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Review Problems 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or 
instructional purposes only to students enrolled in courses for which the textbook has been adopted. Any other 
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the bl976 United States 
Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


14.109 


In a test of a gas-turbine combustor, saturated-liquid methane at 1 15 K is to 
be burned with excess air to hold the adiabatic flame temperature to 1600 K. 
It is assumed that the products consist of a mixture of CO ? , FF.O, N 9 , 0 9 , and 

NO in chemical equilibrium. Determine the percent excess air used in the 
combustion, and the percentage of NO in the products. 

CH 4 + 2x0 9 + 7.52xN 2 -> 1 C0 9 + 2H 9 0 + (2x-2) 0 2 + 7.52xN 9 


Then 

N 9 + 0 ? 2 NO 

Also 

C0 2 

h 2 o 

initial 

7.52x 2x-2 0 


1 

2 

change 

-a -a +2a 


0 

0 

final 

(7.52x-a) (2x-2-a) 2a 


1 

2 


n TOT = 1 + 9.52x 




1600 Kin A.ll: In K = -10.55, 

K = 2.628xl0‘ 5 




2.628xl0' 5 K = 


Yno 


^N2^02 


©°= 


Yno 


4a‘ 


y N 2 y 0 2 ( 7 - 52x ' a ^ 2x - 2 - a ) 


From A. 9 and B.7, 


H r = l[-74 873 + 16.043(-274.7-624.1)]+ 0 + 0 = -89 292 kJ 
(Air assumed 25 °C) 

H p = l(-393 522 + 67 569) + 2(-241 826 + 52 907) 

+ (7.52x-a)(41 904) + (2x-2-a)(44 267) + 2a(90 291 + 43 319) 
= -792 325 +403 652 x+ 181 049 a 


Assume a ~ 0, then from H n - H = 0 — > x= 1.7417 and substitute 

r K 


a' 


2.628x10 


-5 


(13.098 - a)( 1.483 - a) “ 
Use this a in the energy equation 

703 042- 181 049x0.0113 


get a « 0.01 13 


x = 


403 652 


= 1.7366 


a‘ 


2.628x10 


-5 


(13.059-a)(1.4732-a) - 4 

% excess air = 73.7 % 
2x0.0112x100 


-, a = 0.01 12 


% NO = 


1+9.52x1.7366 


= 0.128 % 


x= 1.7366 
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14.110 

Find the equilibrium constant for the reaction in Problem 14.92. 

Reaction: 2CO + 2H 9 CH 4 + C0 9 

Equilibrium constant Eq. 14.15: lnK = -AG°/RT 

For CH 4 at 600 K (formula in Table A. 6), C P0 = 52.22 
At 900 K 

h” H4 = -74 873 + 52.22(900 - 298.2) = -43 446 kJ/kmol 

§c H4 = 186.251 + 52.22 In (900 / 298.2) = 243.936 kJ/kmol K 
(The integrated-equation values are -43 656 and 240.259) 

AH 900 k = l(-43 446) + 1(— 393 522 + 28 030) 

- 2(— 110 527 + 18 397) - 2(0 + 17 657) = -259 993 kJ 

a S9 00K = 1(243.936) + 1(263.646) 

- 2(231.074) - 2(163.060) = -280.687 kJ/K 

AG° goo k = -259 993 - 900(-280.687) = -7375 kJ 
+7375 

ln K_ 8.3145 x 900“ °' 9856, K_ 2,679 
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14.111 

A space heating unit in Alaska uses propane combustion is the heat supply. Liquid 
propane comes from an outside tank at -44°C and the air supply is also taken in 
from the outside at -44°C. The airflow regulator is misadjusted, such that only 
90% of the theoretical air enters the combustion chamber resulting in incomplete 
combustion. The products exit at 1000 K as a chemical equilibrium gas mixture 
including only C0 2 , CO, H 2 0, H 2 , and N 2 . Find the composition of the products. 

Hint: use the water gas reaction in Example 14.4. 

Propane: Liquid, Tj = -44°C = 229.2 K 


Air: T 2 = -44°C = 229.2 K, 90% Theoretical Air 

Products: T 3 = 1000 K, C0 2 , CO, H 2 0, H 2 , N 2 

Theoretical Air: C 3 H 8 + 50 2 + 18.8N 2 => 3C0 2 + 4H 2 0 + 18.8N 2 

90% Theoretical Air: 

C 3 H 8 + 4.50 2 + 16.92N 2 => aC0 2 + bCO + cH 2 0 + dH 2 + 16.92N 2 


Carbon: a + b 

= 3; 



Hydrogen: 

Oxygen: 2a + 

b + c = 

= 9 Where: 

2 

< a < 

3 

Reaction: 

CO 

+ H 2 0 

** co 2 

+ h 2 

Initial: 

b 

c 


a 

d 

Change: 

-X 

-X 


X 

X 

Equil: 

b-x 

c - X 


a + x 

d + x 

Chose an Initial 

guess 

such as: a = 

2, 

b = 1, c 

= 4, d = ' 


Note: A different initial choice of constants will produce a different value for 
x, but will result in the same number of moles for each product. 

n C02 = 2 + x, n co = 1 - x, n H2Q = 4 - x, n H2 = x, n N2 = 16.92 

The reaction can be broken down into two known reactions to find K 


(1) 2C0 2 <-» 2CO + 0 2 @ 1000 K ln^) = -47.052 

(2) 2H 2 0 <-> 2H 2 + 0 2 @ 1000 K ln(K 2 ) = -46.321 


For the overall reaction: InK = (ln(K 2 ) - ln(Kq))/2 = 0.3655; K = 1.4412 


K = 


yC02YH2 

ycoymo 


✓ p y+i-i-t 

p 

v r oy 


yco2yH2 

ycoyH2o 


= 1.4412 = 


(2 + x)x 
(! - 4)(4 - x) 


=> x = 0.6462 

11(202 = 2.6462 
Hh20 = 3.3538 


n Co = 0.3538 n N2 = 16.92 

njj2 = 0.6462 


yco2 - o.in, 


y CO - 0.015, y N2 - 0.707, yjj 2 o - 0.140, y H2 - 0.027 
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14.112 

Derive the van’t Hoff equation given in problem 14.56, using Eqs.14.12 and 

14.15. Note: the d(g/T) at constant P for each component can be expressed 
using the relations in Eqs. 12.18 and 12.19. 

^ -o -0 _o .0 

Eq. 14.12: AG = v c g c + v D g D - v A g A - v B g B 

Eq. 14.15: In K = -AG 0 / RT Eq. 14.19: AG° = AH° - T AS 0 


d InK 
dT 


_d_ ACf _ 1 dAG° 

dT ^ - ~ dT + 

RT RT 


AG° 

RT 2 


1 

RT 2 


[ AG° - T 


dAG° 

dT 


] 


= — [AG° + T AS 0 ] used Eq. 12. 19 H = -s 
RT 2 

= ^-AH° 

RT 2 
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14.113 

Find the equilibrium constant for reaction in Eq. 14.33 at 600 K (see Problem 
14.88). 


Reaction: CO + 3 H 0 <=> CH 4 + H 9 0 

Equilibrium constant Eq. 14.15: lnK = -AG°/RT 


For CH 4 at 600 K (formula in Table A. 6), C P0 = 52.22, A. 5: C P0 = 36.16 

So use the average for the interval 298 - 600 K, C P0 = 44.19 kJ/kmol-K 
At 600 K 

hc H4 = -74 873 + 44.19(600 - 298.15) = -61 534 kJ/kmol 

§c H 4 = 186.251 + 44. 19 In (600 / 298.15) = 217.154 kJ/kmol K 

AH^ook = 1(— 61 534) + 1 (-24 1 826 + 10 499) 

- (-1 10 527 + 8 942) -3(0 + 8 799) = -217 673 kJ 

AS^ok = 1(217.154) + 1(213.051) - (218.321) - 3(151.078) 

= -241.35 kJ/K 

A G6 00 K = -217 673 - 600(-241.35) = -72 863 kJ 

-72 863 

lnK 8.3145 x 600“ 14-6, K- 2.2x10 
Comment: If C P0 at 298 K for CH 4 was used then K = 1.83 x 10 6 
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14.114 

Combustion of stoichiometric benzene, C5H5, and air at 80 kPa with a slight heat 
loss gives a flame temperature of 2400 K. Consider the dissociation of CCb to 
CO and O2 as the only equilibrium process possible. Find the fraction of the CO2 
that is dissociated. 

Combustion: C 5 H J2 + 7.5 0 2 + 7.5 x3.76 N 9 -> 6 C0 2 + 3 H 9 0 + 28.2 N 2 

2 C0 2 <=> 2 CO + 1 0 2 also H 2 0 N 2 

Initial 6 0 0 3 28.2 

Change -2z +2z +z 0 0 

Equil. 6-2z 2z z 3 28.2 

At 2400 K, In K = -7.715, K = 4.461 x 10' 4 and we have n tot = 37.2 + z 

Substitute into equilibrium equation, 

4z 2 z /- 80 \ 1 7 } 

K = (6 - 2z) 2 (37.2 + z) ^100^ ^ (3 - z) 2 (37.2 + z) = = °- 0005576 

Solve with limit 0 < z < 3 gives z = 0.507 so then n CQ ^ = 6 - 2z = 4.986 
Fraction dissociated = (6 - 4.986)/6 = 0.169 
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14.115 

One kilomole of liquid oxygen, 0 2 , at 93 K, and x kmol of gaseous hydrogen, H 2 , 

at 25°C, are fed to a combustion chamber, x is greater than 2, such that there is 
excess hydrogen for the combustion process. There is a heat loss from the 
chamber of 1000 kJ per kmol of reactants. Products exit the chamber at chemical 
equilibrium at 3800 K, 400 kPa, and are assumed to include only H 2 0, H 2 , and O. 

a. Determine the equilibrium composition of the products and also x, the 
amount of H 0 entering the combustion chamber. 

b. Should another substance(s) have been included in part (a) as being 
present in the products? Justify your answer. 

x H 2 + 1 0 2 -> 2 H 2 0 + (x - 2) H 2 

(1) 1 H 2 0 <=> 1 H 2 + 1 O 

shift -a +a +a and a > 0 

Equil 2-a x-2+a a a < 2 and n tot = x + a 

(2) 2 H 2 0 <=> 2 H 2 + 1 0 2 In K 2 = -1.906 

(3) 10 2 »20 in K 3 = -0.017 

InKi =0.5( in K 2 + in K 3 ) = -0.9615 => Ki = 0.3823 

Ki (x-2+a)a 0.3823 

Equil.: T->/r> \i = 73 v rT = a =0.95575 

H (P/Po) 1 (2-a)(x+a) 4 

Energy Eq.: Q + Hr = H P , Q = (1 + x)(-1000) kJ 

Table A.9: Ah : * G = -5980 kJ/kmol [or = 0.922x32(93-298.2) = -6054 kJ/kmol ] 


Fig. D.2: T r = 93/154.6 = 0.601, Ah f = -5. 16xRx 154.6 = -6633 

Hr = x(0 + 0) + 1(0 + Ahj G + Ah f ) = l(-5980 - 6633) = - 12613 kJ 
H P = (2-a)(-241 826 + 171 981) + (x-2+a)(0 + 119077) 

+ a(249170 + 73424) = 119077 x + 511516 a - 377844 
= Q + Hr = -1000 - 1000 X - 12613 


Rearrange eq. to: x + 4.2599 a = 3.03331 


Substitute it into the equilibrium eq.: 


(1.03331 +5.2599 a) a 
(2-a)(3. 0333 1-3.2599 a) 


0.095575 


Solve a = 0.198, LHS = 0.09547, x = 2.1898 

^ x . - ci 

y H20 = ^ = °- 755 ’ yH2 = = 0. 162, y 0 = — = 0.083 

Other substances and reactions: 2 H 2 0 <=> H 2 + 2 OH, In K = -0.984, 

H 2 <=> 2 H, : In K = 0.201, 0 2 <=> 2 O, : In K = -0.017 

All are significant as K's are of order 1. 
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14.116 

Dry air is heated from 25°C to 4000 K in a 100-kPa constant -pres sure process. 
List the possible reactions that may take place and determine the equilibrium 
composition. Find the required heat transfer. 

Air assumed to be 21% oxygen and 79% nitrogen by volume. 

From the elementary reactions we have at 4000 K (A.l 1) 

(1) 0 2 <=> 2 O Ki = 2.221 =yo/y 0 2 

(2) N 9 <=> 2 N K 2 = 3.141 x 10- 6 = yj/ym 

(3) N, + 0 2 <=> 2 NO K 3 = 0.08955 = y^c/y^ Yo2 

Call the shifts a,b,c respectively so we get 

n O 2 = 0.21 -a-c, n 0 = 2a, n N2 = 0.79 - b - c, n N = 2b, 
n NO = 2c, n tot = 1 + a + b 

From which the mole fractions are formed and substituted into the three 
equilibrium equations. The result is 

Ki = 2.221 = yo/y 0 2 = 4a 2 / [(l+a+b)(0.21-a-c)] 

K 2 = 3.141 x 10- 6 = y^/y m = 4b 2 / [(l+a+b)(0.79-b-c)] 

K 3 = 0.08955 = y 2 N0 /y m y 0 2 = 4c 2 / [(0.79-b-c)(0.21-a-c)] 

which give 3 eqs. for the unknowns (a,b,c). Trial and error assume b = c = 0 solve 
for a from Ki then for c from K 3 and finally given the (a,c) solve for b from K 2 . 
The order chosen according to expected magnitude Ki > K 3 > K 2 

a = 0.15, b = 0.000832, c = 0.0244 => 
no 2 = 0.0356, no = 0.3, n ^2 = 0.765, nN = 0. 00167, nNo = 0-049 

Q = Hex - Hin = n 0 2Aho2 + n N2^hN2 + n o(hfO + Ah 0 ) 

+ n N (h IN + Ah N ) + n NO (h INO + Ah N0 ) - 0 

= 0.0356 x 138705 + 0.765 x 130027 + 0.3(249170 + 77675) 

+ 0.00167(472680 + 77532) + 0.049(90291 + 132671) 

= 214 306 kj/kmol air 

[ If no reaction Q = no 2 Aho 2 + n N 2 Ali\j 2 = 131 849 kJ/kmol air ] 
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14.117 

Saturated liquid butane (note: use generalized charts) enters an insulated constant 
pressure combustion chamber at 25°C, and x times theoretical oxygen gas enters 
at the same pressure and temperature. The combustion products exit at 3400 K. 
Assuming that the products are a chemical equilibrium gas mixture that includes 
CO, what is x? 

Butane: Tj = 25°C, sat. liq., xj =0, T c = 425.2 K, P c = 3.8 MPa 
T r i = 0.7, Figs. D.land D.2, P r ^ = 0.10, Pj = P r jP c = 380 kPa 

Fig D.2: (h, - hj f = 4.85 RT C 

Oxygen: T 2 = 25°C, X * theoretical air Products: T 3 = 3400 K 


C 4 H 10 + 6.5X 0 2 => 4 C0 2 + 5 H 2 0 + 6.5(X-1) 0 2 


2C0 2 

<=> 2CO 

+ 0 2 


Initial 4 

0 

6.5(X-1) 


Change -2a 

2 a 

a 


Equil. 4-2a 

2 a 

6.5(X-1) + a 

iifot — 2.5 + a + 6.5X 

n C0 2 = 4 - 2a, 

n co = 2a > 

n 0 0 - 6.5(X-1) + a, n H 2 G -5, 

2 a 


4 - 2 a 

6.5(x - 1) + a 

= 2.5 + a +6.5X ’ 

y C02 - 2.5 + a +6.5X ’ y ° 2 “ 

2.5 + a +6.5X 


The equilibrium constant is 

ycoyo 2 ('p 1 3 2+1_2 


K = 


2 

y co 2 


v P oy 


' a 32 ( 6.5X - 6.5 + a3 




2-a J l,6.5X-2.5 + a ) 


v P oy 


@ T 3 = 3400 KTableA.il, ln(K) = 0.346, K= 1.4134 


1.4134 = 


f a 3 

2 

( 6.5X - 6.5 + a3 

v 2 -aj 


36.5X - 2.5 + a) 


(3.76) 


Equation 1. 


Need a second equation: 

Energy eq.. Qcv Hr = Hp ^cv’ Qcv = ^cv = ^ 

H r = (h° + Ah) C4H|() = (-126 200 - 17 146) = -143 346 kJ 
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Products @ 3400 K: 

H P = n(h° + Ah) C02 + n(h° + Ah) co + n(h“ + Ah) Q2 + n(h° + Ah) H20 

= (4 - 2a)(-393 522 + 177 836) + 2a(-110 527 + 108 440) 

+ [6.5(X - 1) + a](0 + 114101) + 5(-241 826 + 149 073) 

= -463 765 kJ/kmol 

H P = H R => 1924820 = 541299a + 741656.5 X Equation 2. 

Two equations and two unknowns, solve for X and a. 

a = 0 . 87 , X = 1.96 
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14.118 

Carbon dioxide at 2200 lbf/in. 2 is injected into the top of a 3-mi deep well in 
connection with an enhanced oil recovery process. The fluid column standing in 
the well is at a uniform temperature of 100 F. What is the pressure at the bottom 
of the well assuming ideal gas behavior? 


Z 


1 


z 


2 


(Zj - Z 2 ) = 3 miles = 15 840 ft 
Pj = 2200 lbf/in 2 , T = 100 F = const 
Equilibrium and ideal gas beahvior 
-w REV = 0 = Ag + APE 

= RTln(P 2 /P 1 ) + g(Z 2 -Z 1 ) = 0 

g(Z 2 - Z|) 

RT 

32.2 ft/s 2 x 15 840 ft 

32.174 lbm-ft/s 2 /lbf x 35.1 ft-lbf/lbm-R x 559.7 R 

= 0.8063 

P 2 = 2200 lbf/in 2 exp(0.8063) = 4927 lbf/in 2 





CO 2 


cb 


P 2 

ln <p7> = 
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14.119 

Calculate the equilibrium constant for the reaction O 2 <=> 20 at temperatures of 
537 R and 10 000 R. 


Find the change in Gibbs function at the two T’s from Table F.6: 

537 R: AH 0 = 2ho - lho 2 = 2 x 107 124 - 0 = 214 248 Btu/lbmol; 

AS 0 = 2§o - 1 sq 2 = 2 x 38.442 - 48.973 = 27.91 1 Btu/lbmol R 
AG° = AH 0 - TAS° = 214 248 - 537 x 27.91 1 = 199 260 Btu/lbmol 
AG° +199 260 

ln K - “ ^ - " 1 . 98589 x 537 - “ 185 ‘ 85 


10 000 R: AH 0 = 2h 0 - lh 02 = 2 (107 124 + 47 897) - 87 997 


,-o 


-o 


= 222 045 Btu/lbmol; 


AS 0 = 2s 0 - 1 sq 2 = 2 x 53.210 - 74.034 = 32.386 Btu/lbmol R 
AG° = AH 0 - TAS° = 222 045 - 10 000 x 32.386 = -101 815 Btu/lbmol 


_0 


_0 


0 


ln K = - 


AG 

RT 


101 815 


1.98589 x 10 000 


= + 5.127 
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14.120 

Consider the dissociation of oxygen, O 2 <=> 20, starting with 1 lbmol oxygen at 77 

F and heating it at constant pressure 1 atm. At which temperature will we reach a 
concentration of monatomic oxygen of 10%? 


Look at initially 1 lbmol Oxygen and shift reaction with x 

0 2 <=> 2 O 


Species 

Initial 

Change 

Equil. 


O; 

1 

-X 

1-x 


O 

0 

2x 

2x 


n tot = l- x + 2x=l+x 


2x 


y o 1 + X 


= 0.1 => x = 0. 1/(2 -0.1) = 0.0526, y O2 = 0.9 


>0^2-1 0 . 1 2 

K = — (V) =T77T 1.01325 = 0.011258 

y 0 2 o 


0.9 


In K = -4.487 


Recall P 0 = 100kPaforTableA.il, P/P Q = 101.325 / 100 = 1.01325 
Now look in Table A.ll: T = 2982 K = 5368 R 
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14.121 

Redo problem 14.120E for a total pressure of 0.4 atm. 


Look at initially 1 lbmol Oxygen and shift reaction with x 

0 2 <=> 2 O 

0 2 O 

1 0 

-x 2x 

1-x 2x n tot = l- x + 2x=l+x 

y o = TTx = ai => x = 0. 1/(2 -0.1) = 0.0526, y Q2 = 0.9 

yo/P N 2 -i o.i 2 

K = — (p-) = "q^ - ( 1.01325 x 0.4) = 0.004503 => In K = -5.403 

y o 2 ° ' 

Recall P 0 = 100kPaforTableA.il, P/P G = 101.325 / 100 = 1.01325 
Now look in Table A. 1 1 : T = 2857.6 K = 5143 R 


Species 

In itial 

Change 

Equil. 
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14.122 

Redo problem 14.120E, but start with 1 lbmol oxygen and 1 lbmol helium at 77 F, 
1 atm. 


Look at initially 1 mol Oxygen and shift reaction with x 

0 2 <=> 2 O 


Species 0 2 

Initial 1 

Change -x 
Equil. 1-x 


O He 

0 1 

2x 

2x 1 n tot = l- x + 2x + l= 2 + x 


2x 


Yn = 


o 2 + x 


= 0.1 


x = 0.2/(2-0.1) = 0.10526, 


y =(l-x)/(2 + x) = 0.425 


yo .P. 2-1 0.1 2 

K = — (^-) = 77777 1.01325 =0.02384 


y 0 2 ' P o 


0.425 


In K = -3.736 


Recall P 0 = 100kPaforTableA.il, P/P Q = 101.325 / 100 = 1.01325 
Now look in Table A. 1 1 : T = 3096 K = 5573 R 
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14.123 

Pure oxygen is heated from 77 F to 5300 F in a steady flow process at a constant 
pressure of 30 lbf/in. 2 . Find the exit composition and the heat transfer. 

The only reaction will be the dissociation of the oxygen 

0 2 <=> 20 ; K(5300 F) = K(3200 K) = 0.046467 

Look at initially 1 mol Oxygen and shift the above reaction with x 
n 02 = 1 - x ; n o = 2x; n tot = 1 + x; y i = n,/n tot 

Yo P , . 4x 2 1 + x 8x 2 

K/8 

x 2 = TTk/ 8 x = 0.07599; yo2 = 0.859; y 0 = 0.141 

9 = n 02 ex ^02 ex + n ()exh()ex " h()2in = 0 + x Xy02h()2 + >^ 0 ) " 0 

h 02 = 45 581; h Q = 107124 + 26125 = 133 249 
q = 1.076(0.859 x 45581 +0.141 x 133249) = 62 345 Btu/lbmol 0 2 
q = q/32 = 1948 Btu/lbm (= 1424 if no dissociation) 
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14.124 

Find the equilibrium constant for CO 2 <=> CO + Vi O 2 at 3960 R using Table 
A.11. 

The elementary reaction in A. 1 1 is : 2 CO 2 <=> 2CO + O 2 

so the wanted reaction is (1/2) times that and T = 3960 R = 2200 K so 

K = K^ /2 | j = ^/exp(- 10.232) = exp(-5 . 1 1 6) = 0.006 
or 


In K = 0.5 In K A11 =0.5 (-10.232) = -5.1 16 
K = exp(-5.11) = 0.006 
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14.125 

Assume we have air at 4 atm, 3600 R (as 21% O 2 and 79% N 2 ), and we can 
neglect dissociations of O 2 and N 2 . What is the equilibrium mole fraction of NO? 
Find the enthalpy difference in the gases due to the formation of NO. 

Air initially: 0.79 N 2 + 0.21 0 2 

Final mix: (0.79 - x) N 2 + (0.21 - x) 0 2 + 2x NO 

N 2 + 0 2 <=> 2 NO n N2 = 0.79 - x 

-x -x +2x n o? = 0.21- x 

n NO = 0 +2X 

n = 1.0 

From Table A.ll, T = 3600 R = 2000 K, In K = - 7.825 

2 

Yno / P \ 0 4x 2 

K = ^ = (0.79 -x) (0.21 -x) = exp(-7.825) = 0.0003996 

So 

x 2 = 0.000099904 (0.79 -x) (0.21 -x) => x = 0.00402 

y N0 = 2x = 0.00804 

AH = 2x h NQ - xh N ^ - xh Q2 all at 3600 R 

= 0.00402 [2 x (38 818 + 24 875) - 24 135 - 25441] Btu/lbmol 

= 312.8 Btu/lbmol air 
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14.126 

Air (assumed to be 79% nitrogen and 21% oxygen) is heated in a steady flow 
process at a constant pressure of 14.7 lbf/in. 2 , and some NO is formed. At what 
temperature will the mole fraction of NO be 0.001? 

0.79N 2 + 0.2 10 2 heated at 14.7 lbf/in 2 , forms NO 

At exit, y NQ = 0.001 

N 2 + 0 2 <=> 2 NO n N2 = 0.79 - x 

-x -x +2x n Q7 = 0.21- x 

n NO = 0 +2X 

n = 1.0 

2x 

y NO = 0.001 =y^=^ x = 0.0005 => n N7 = 0.7895, n Q7 = 0.2095 

2 , 

Yno /P\n 10 6 

K = y N A 02 P° = 0.7895x0.2095 = 6 ' 046x 10 or lnK = - 12 - 016 

From Table A. 1 1 , T = 1 444 K = 2600 R 
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14.127 

The combustion products from burning pentane, C 5 H 12 , with pure oxygen in a 
stoichiometric ratio exists at 4400 R. Consider the dissociation of only C0 2 and 
find the equilibrium mole fraction of CO. 

C 5 H 12 + 8 0 9 -> 5 C0 2 + 6 H 9 0 

At 4400 R, 2 C0 2 <=> 2 CO + 1 O, 

In K = -7.226 Initial 5 0 0 

K = 7.272xl0' 4 Change -2z +2z +z 

Equil. 5-2z 2z z 

Assuming P = P° = 0.1 MPa, 

VccPo? p 2z n z 
K = -j— (^o) = (^) 2 (^) (1) = 7.272 x IQ' 4 ; 

^C0 2 

Trial & error on z: z = 0.2673 

n = 4.4654; n„„ = 0.5346; n„ = 0.2673 

lu 

y co = 0.1015 
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14.128 

Pure oxygen is heated from 77 F, 14.7 lbf/in. 2 to 5300 F in a constant volume 
container. Find the final pressure, composition, and the heat transfer 

As oxygen is heated it dissociates 

0 2 ^ 20 In K eq = -3.069 

C. V. Heater: U 2 - Uj = } Q 2 = H 2 - Hj - P 2 v + PjV 


Per mole 0 2 : jq 2 = h 2 - fq + R(T j - (n 2 /nj)T 2 ) 

Shift x in reaction final composition: (1 - x)0 2 + 2x0 

nj = l n 2 =l-x + 2x=l+x 

yo 2 = (! -xVC 1 + x ) ; y 0 = 2x/(l+x) 


Ideal gas and V 2 = Y l => P 2 = Pj^TVnjT j => P 2 /P 0 = (1 + x)T 2 /T j 
Substitute the molefractions and the pressure into the equilibrium equation 


K _ e -3.069 _ lo Za _ 

K - - e - y 02 P 0 - ( 
4x 2 T 


"eq 


2x 9 1 + X 1+x T 2 
) 2 (l 7) (— > 


1 + x' v 1 - x 


Ti 


1 -x _ T 


= I' 3 - 069 = 0.00433 => x = 0.0324 


(n 02 ) 2 = 0.9676, (n Q ) 2 = 0.0648, n 2 = 1.0324 

5760 

P 2 = p o (l + x)T 2 /T, = 14.7 (1 + 0.0324) 46Q - ?? = 162.8 psia 

,q 2 = 0.9676(45 581) + 0.0648(107 124 + 26 125) - 0 

+ 1 .98589(536.67 - 1 .0324 x 5760) = 41 996 Btu/lbmol 0 2 
y Q2 = 0.9676 / 1 .0324 = 0.937; y Q = 0.0648/1 .0324 = 0.0628 
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14.129 

Assume the equilibrium mole fractions of oxygen and nitrogen are close to those 
in air, find the equilibrium mole fraction for NO at 5400 R, 75 psia disregarding 
dissocoiations. 


Assume the simple reaction to make NO as: 


N 2 

+ 0 2 <=> 

2 NO 

Ar 

n N2 = 0/78 - x 

0.78 

0.21 

0 

0.01 

n Q7 = 0.21 - x 

-X 

-X 

+2x 


n NO = 2x ’ n ar = °' 01 


0.78-x 0.21-x 2x 0.01 n to t =1.0 


From A. 1 1 at 5400 R = 3000 K, In K = -4.205, K = 0.014921 


K = 


4x' 


(0.78 - x)(0.21 - x) 


(!.y> 

_ vt VnO ) 


X 


0.014921 


(0.78 - x)(0.21 - x) 


= 0.00373 and 0 < x < 0.21 


2x 


Solve for x: x = 0.0230 ■=> y NQ = — = 0.046 


Comment: Since the reaction is pressure insensitive P does not matter. 
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14.130 


Acetylene gas, C 2 H 2 , is burned with stoichiometric air in a torch. The reactants 
are supplied at the reference conditions P 0 , T 0 . The products come out from the 

flame at 5000 R after a small heat loss by radiation. Consider the dissociation of 
C0 2 into CO and 0 2 and no others. Find the equilibrium composition of the 

products. Are there any other reactions that should be considered? 


Combustion: C 2 H 2 + 2.5 (0 0 + 3.76N 2 ) -> 2 C0 0 + 1 H^O + 9.4 N 


At 5000 R = 2778 K 

In K = -3.9804 
K = 0.01868 


2 C0 2 <=> 2 CO + 10,, H 2 0 N, 

Initial 2 0 0 1 9.4 

Change -2z +2z +z 0 0 

Equil. 2-2z 2z z 1 9.4 


Assuming P = P° = 0.1 MPa, and n tot = 2 + z + 1 + 9.4 = 12.4 + z 


y co yo 2 p 

k= T^ ( F ) = 

^co 2 


( 2z ? 

2 

( z \ 

v 2 - 2z) 


v 12.4 + z j 


(1) = 0.01868; 


Solve: z j = 0.01868 (1 -z) 2 (12.4 + z) => z = 0.428 

y co = 12.4 + z = °- 0667; yco 2 = 12.4 + z = °‘ 089; y 02 = 12.4 + z 

yH2 ° = 12.4 + z = °- 0779; yN 2 = 12.4 + z = 0,7328 


= 0.0334 


Looking in A.ll there will be no dissociation of nitrogen and only a small 
dissociation of water and oxygen which could be included. 
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14.131 

Use the information in problem 14.142E to estimate the enthalpy of reaction, 

AH°, at 1260 R using the van’t Hoff equation (see problem 14.56) with finite 
differences for the derivatives. 

AH 0 

d In K = dT D o 

RT 2 


solve for AH 


O 


- 2 dlnK - 2 AlnK 
AH° = RT — ^r=RT 


dT 


AT 


2 -0.3362 + 4.607 
1.98589x 1260 x 1440 . 1080 


= 37 403 Btu/lb mol 


[Remark: compare this to F.6 values + F.4, F.ll, 

AH° = H„ + 2H„ - H„„ = 0.146 x 12 x (1260-537) + 2 x 5044 

C ti2 CJ-I 4 

- 0.538 x 16.043 x (1260-537) -(-32190) = 37 304 ] 
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14.132 

A gas mixture of 1 lbmol carbon monoxide, 1 lbmol nitrogen, and 1 lbmol oxygen 
at 77 F, 20 lbf/in. 2 , is heated in a constant pressure steady flow process. The exit 
mixture can be assumed to be in chemical equilibrium with C0 0 , CO, 0 2 , and N 0 

present. The mole fraction of C0 2 at this point is 0.176. Calculate the heat 
transfer for the process. 


initial mix: 

1 CO, 1 o 2 . 




Constant 

pressure 

reactor/, 

Q 




Equil. mix: 

C0 2 , CO, 0 2 , N 

^C02 = 0.176 
P = 20 lbf/in 2 


reaction 

2C0 2 

<=> 2 CO 

+ o 2 

also, 

initial 

0 

1 

1 


change 

+2x 

-2x 

-X 


equil. 

2x 

(l-2x) 

(l-x) 



1 

0 

1 


^C02 


= 0.176 = 


2x 

3-x 


x = 0.242 65 


n co-> = 0.4853 
n co = 0-5147 




= 0.757 35' 
= 1 


> < 


v 


^C02 0.176 
y co =0.186 67 
y 02 = 0-274 67 


K = 


ycoy 02 / p x i 


yco2 


(po) = 


0.186 67 2 x0.274 67 / 20 N 

<T4504> = 0426 07 


0.176- 


Since Table A.ll corresponds to a pressure P Q of 100 kPa, which is 14.504 
lbf/in 2 . Then, from A.ll, T OTrir4 = 3200 K = 5760 R 

r KvJU 

H =-47 518 Btu 

K. 

H p = 0.4853(-169 184 + 71 075) + 0.5147(-47 518 +43 406) 

+ 0.757 35(0 + 45 581) + 1(0 + 43 050) = +27 842 Btu 
Q cy = H p - H R = 27 842 - (-47 518) = +75 360 Btu 
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14.133 


Acetylene gas at 77 F is burned with 140% theoretical air, which enters the burner 
at 77 F, 14.7 lbf/in. 2 , 80% relative humidity. The combustion products form a 
mixture of C0 2 , FF,0, N 0 . 0 2 , and NO in chemical equilibrium at 3500 F, 14.7 

lbf/in. 2 . This mixture is then cooled to 1340 F very rapidly, so that the 
composition does not change. Determine the mole fraction of NO in the products 
and the heat transfer for the overall process. 

C 9 H 7 + 3.5 0 ? + 13.16N 2 + water — > 

2 C0 9 + 1 H 9 0 + 1 0 9 + 13.16 N 9 + water 

Water: P y = 0.8x0.46 = 0.368 lbf/in 2 

P v 0.368 

n y = n A x— = (3.5+13. 16)xy^-^- = 0.428 

So, total H 9 0 in products is : 1 + n y = 1.428. 


a) reaction: N 9 + 0 9 <=> 2 NO 

change : -x -x +2x 


at 3500 F = 3960 R (=2200 K), from A.ll: K = 0.001 074 

Equilibrium products: 

n co2 = n H20 = n Q2 = 1 - x, 

n N2 = 13-16 - x, n NQ = 0 + 2x, n TOT =17.588 


K = 


(2x) 2 

(1 -x)(13.16-x) _ 


0.001 074 


By trial and error, x = 0.0576 

2 x 0,0576 

y NO - 17.588 _ 0006 55 


b) Final products (same composition) at 1340 F = 1800 R 
H r = 1(97 476) + 0.428(-103 966) = 52 979 Btu 

H p = 2(-169 184+14 358)+ 1.428(-103 966+11 178) 

+ 0.9424(0+9761) + 13.1024(0+9227) + 0.1152(38 818+9557) 
= -306 486 Btu 

Q cy = H p - H r = -359 465 Btu 
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14.134 

A special coal burner uses a stoichiometric mixture of coal and an oxygen - argon 
mixture (1:1 mole ratio) with the reactants supplied at Po, To. Consider the 
di ssoci ati on of C0 2 i nto CO and 0 2 and no others Fi nd the equi I i bri um 

composition of the products for T = 8600 R. Is the f i nal temperature, i ncl udi ng 
dissociations, higher or lower than 8600 R? 


Combustion: C + 0 2 + Ar ■=> C0 2 + Ar 


Reaction: 


2 C0 2 2 CO + 0 2 

<N 

O 

u 

CO 

0 2 Ar 

Start 

1 

0 

0 1 

Change 

-2x 

2x 

x 0 

Final 

l-2x 

2x 

X 1 tot 

At 8600 R: K = exp(5.7694) = 320.345 

k = [ yccf yo2 / yco2 2 ] i = 

2x 2 
[<2 4- x> 

X 

2 + x 

1-2x2 

<2 + x>l 


= 2 + x 


Reduce and solve: 

x 3 = [ exp(5.7694)/4 ] (2 + x) (1 - 2x) 2 

O x 3 = 80.09 (2 + x) (1 - 2x) 2 O x = 0.48793 
n^o = 0.9759, nQ 2 = 0.4879, nc02 = 0.0241, n^. = 1 


Now we can do the energy equation: 

H P 8600 R = 0.0241 C 1 13 961 - 169 184) + 1 x 4.9536 (8600 - 459.7) + 

0.9759 (68 977 - 47 518) + 0.4879 x 73 648 
= 95 868 btu/lbmol 

Since H P 8600 R > 0 (too high) then T < 8600 R 

We should have had Hp = 0, if we match the energy equation to find the T we have to 

redo the equilibrium equation as K is different. This is a larger trial and error problem to 
find the actual T and we even neglected other possible reactions. 
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14.135 

An important step in the manufacture of chemical fertilizer is the production of 
ammonia, according to the reaction: N 0 + 3FF, <=> 2NH 3 . Show that the 

equilibrium constant is K = 6.826 at 300 F. 

1N 0 + 3H 9 2NH 3 at 300 F = 760 R 

from Table F.4 for NH 3 : M = 17.031, C P0 = 0.509 Btu/lbm-R 

Assume ideal gas and constant specific heat for ammonia (we could be more 
accurate if we used Table F.8 realizing properties depend also on P). We must use 
the reference h, s values from Table F.ll 

&NH 3 300 f = -19 656 + 0.509x17.031 (300-77) = -17723 Btu/lbmol 

_o 760 

®NH3 300 f — 45.969 + 0.509x 17.03 1 In ^^7 — 48.980 

Use Table F.6 for nitrogen and hydrogen gases 

AH 300 f = 2(- 17723) - 1(0 + 1557) - 3(0 + 1552) = -41 659 Btu/lbmol 

ASjoqf = 2(48.98) - 1(48.164) - 3(33.60) = -51.0 Btu/R-lbmol 

AG 300 f = -41 659 - 760(-5 1 .0) = -2899 Btu/lbmol 
+2899 

lnK ~ 1.98589x760 - L9208 ’ K- 6.826 
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14.136 

Consider the previous reaction in equilibrium at 300 F, 750 psia. For an initial 
composition of 25% nitrogen, 75% hydrogen, on a mole basis, calculate the 
equilibrium composition. 


1N 2 + 3H 2 <=> 2NH 3 at 300 F 

Beginning: 13 0 

Change: -x -3x 2x 

Final: 1-x 3-3x 2x Total: n = 4-2x 


n NH3 ^ x ’ n N2 ^" x ’ n H2 ^ X 


The reaction constant is K = 6.826 so the reaction constant equation is 


K = 


y N2 yH2 


2o2, 


y NH3 ■(— y 2 - ( 2x ) 2 ( 2 ' X )V P Y 2 


3'(l-x)‘ 


Q 


or 


/ x \ 2 /2-x\ 2 27 /750\ 2 

=T6 x6 ' 826 x (ii7) = 29985 


— > Trial & Error: 
x = 0.9242 


173.16 



n 

y 

nh 3 

1.848 

0.8591 

N 2 

0.0758 

0.0352 

H 2 

0.2273 

0.1057 
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14.137 

Ethane is burned with 150% theoretical air in a gas turbine combustor. The 
products exiting consist of a mixture of C0 2 , H 0 0, 0 9 , N ? , and NO in chemical 

equilibrium at 2800 F, 150 lbf/in. 2 . Determine the mole fraction of NO in the 
products. Is it reasonable to ignore CO in the products? 

Combustion: 

C,H + 5.25 0 9 + 19.74 N 9 -> 2 C0 9 + 3 H 9 0 + 1.75 0 9 + 19.74 N 9 

ZD z z zz z z 


a) Products at 2800 F, 150 lbf/irr. Equilibrium mixture: C0 9 , H 2 0, 0 9 , N 9 , NO 


2 ’ 2 ' 



N 2 


+ °2 « 

2 NO 

initial 

19.74 


1.75 

0 

change 

-X 


-X 

+2x 

equil. 

19.74-x 


1.75-x 

2x 

Equil. comp. n CQ2 = 

= 2, n H2Q = 

3, 

n 02 = 1-25-x, n N2 = 

19.74 

K= 1.283x10' 

2 

.4 ^NO / 

P 

.0 4x 2 


^N2^02 

,p(b 

' = (19.74-x)(E75-x) 


Solving, x = 

0.032 95 





NO 


= 2x 


^NO 


2 x0,032 95 
26.49 


= 0.002 49 


b) 

2CO„ 

l 

initial 

2 

change 

-2a 

equil. 

2-2a 


2 

K = 5.259xl0' 8 = 

ycoy 02/ p x 

2 Co) 


Yc02 


<=> 2 CO + 0 2 

0 0 
+2a +2x 

2a 2x 


/ 2a >.2 0 ,75-x+aw 
^2^2a' ^26.49+a^ 


150 

14.504 


) 


Since Table A.ll corresponds to a pressure P 0 of 100 kPa, which is 14.504 

lbf/in". This equation should be solved simultaneously with the equation 
solved in part a) (modified to include the unknown a). Since x was found to 
be small and also a will be very small, the two are practically independent. 
Therefore, use the value x = 0.032 95 in the equation above, and solve for a. 



1.75-0.032 95+a 
26.49+a 



14.504 

150 


)x5. 259x10 


-8 


Solving, a = 0.000 28 or y co = 2.1xl0' 5 negligible for most applications. 
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14.138 


One pound mole of water vapor at 14.7 lbf/in. 2 , 720 R, is heated to 5400 R in a 
constant pressure steady flow process. Determine the final composition, assuming 
that H 2 0, H 2 , H, 0 2 , and OH are present at equilibrium. 

Reactions: 


1) 2 H 2 0 <» 2 H 2 + 0 2 2) 2 H 2 0 <=> H 2 + 2 OH 

change -2a +2a -i-a change -2b +b +2b 


3) H 2 <=> 2 H 



change -c +2c 

At equilibrium (5400 R, 14.7 lbf/in 2 ) 


n TT ._ = l-2a-2b 

ru TT = 

2b 

H20 

OH 

n TT „ = 2a+b-c 

n TT = 

2c 

H2 

H 

n Q2 = a 

n TOT " 

1+a+b+c 


K , 

2.062xl0' 3 

/ 2a+b-c a 

(P/P°) 

1.03 _ 

M-2a-2b' M+ a +b+c 

K 2 

2.893xl0' 3 

/ 2a+b-c 2b \ 

(P/P°) 

1.03 _ 

M+a+b+c 2 M-2a-2b 2 

K 3 

2.496xl0' 2 

(2a) 2 

(P/P°) 

1.03 “ 

(2a+b-c)( 1 +a+b+c) 


These three equations must be solved simultaneously for 
a, b & c: a = 0.0622, b = 0.0570, c = 0.0327 


and n H20 = 0.7616 y H9Q = 0.6611 
n R2 =0.1487 y H2 =0.1291 
n Q2 = 0.0622 y Q2 = 0.0540 
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14.139 

Methane is burned with theoretical oxygen in a steady flow process, and the 
products exit the combustion chamber at 5300 F, 100 lbf/in. 2 . Calculate the 
equilibrium composition at this state, assuming that only CO 2 , CO, H 2 0, H 2 , 0 2 , 

and OH are present. 

Combustion: CH„ + 2 0„ — > CO„ + 2 H„0 


Dissociation reactions: 

At equilibrium: 


1) 2 H 2 0 ^ 2 H,, + 0 9 


n H20 _ 

2-2a-2b 

change -2a +2a +a 


n H2 = 

2a+b 

2) 2 H 2 0 <=> H ? + 2 OH 


n 02 7 

a+c 

change -2b -i-b +2b 


n OH = 

2b 

3) 2C0,^2C0 + 0, 


n C02 = 

l-2c 

change -2c +2c +C 


n co = 

2c 



n TOT " 

3+a+b+c 

Products at 5300F, 100 lbf/in 2 



Kj = 0.007 328 = ( 

< 2a+b \2/ a+c \ / 100 \ 


"2-2a-2m ^3+a+b+c'M4.504' 


K 2 = 0.012 265 = ( 

' 2b 

/ 2a+b \ / 100 \ 


"2-2a-2b^ ' 

^3+a+b+c^ M4.504^ 


K 3 = 0.426 135 = ( 

, 2c / 

a+c 100 ^ 


H-2c^ v 3+a+b+c A 14.504' 



These 3 equations must be solved simultaneously for a, b, & c. If solving by 
hand divide the first equation by the second, and solve for c = fn(a,b). This 
reduces the solution to 2 equations in 2 unknowns. Solving, 

a = 0.0245, b = 0.1460, c = 0.2365 


Substance: 

H20 

H2 

02 

OH 

C02 

CO 

n 

1.659 

0.195 

0.260 

0.292 

0.527 

0.473 

y 

0.4871 

0.0573 

0.0763 

0.0857 

0.1547 

0.1389 
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14.140 


One pound mole of air (assumed to be 78% nitrogen, 21% oxygen, and 1% argon) 
at room temperature is heated to 7200 R, 30 lbf/in. 2 . Find the equilibrium 
composition at this state, assuming that only N 0 , 0 2 , NO, O, and Ar are present. 

1 lbmol air (0.78 N 2 , 0.21 0 2 , 0.01 Ar) heated to 7200 R, 30 lbf/in 2 . 


1) N 2 + 0 2 <=> 2 NO 


change -a -a 


2) 0, <=> 2 O 

+2a change -b +2b 


Equil.: 


n N2 = 
n 02 = 


0.78-a 

0.21-a-b 


n Ar = 

n o = 


4a‘ 


0.01 

2b 


K i - °- 0895 “ (0.78-a)(0.21-a-b) v 14.504 


Vi a <ru/ 


4b' 


(— ) 

Vi a aJ 


n NO 
n = 


2a 

1+b 


K 2 - 2.221 - ( 1+b )( 0 ,21-a-b) M4.504 
Divide 1st eq'n by 2nd and solve for a as function(b), using 


K 


l /P 


X = F (^o) = 0-083 35 


Get 

Xb 2 r 

a_ 2(l+b)L' 1 + 
Also 



4xQ,78(l+b) -i 
Xb 2 ^ 


K 


(l+b)(0.21-a-b) 4(P/P ) 


^- = 0.268 44 


Assume b = 0.1269 

Then, check a & b in (2) => OK 

Therefore, 

Subst. N2 02 

n 0.7501 0.0532 

y 0.6656 0.0472 


From (1), get a = 0.0299 


Ar O 

0.01 0.2538 

0.0089 0.2252 


( 1 ) 

(2) 


NO 

0.0598 

0.0531 
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14.141 


Acetylene gas and x times theoretical air (x > 1) at room temperature and 75 
lbf/in. 2 are burned at constant pressure in an adiabatic steady flow process. The 
flame temperature is 4600 R, and the combustion products are assumed to consist 
of N 2 , 0 2 , C0 2 , H 2 0, CO, and NO. Determine the value of x. 

Combustion: 

C 2 H 2 + 2.5x 0 2 + 9.4x N 2 -+ 2 C0 2 + H 2 0 + 2.5(x-l)0 2 + 9.4x N 2 


Eq. products 4600 R, 75 lbf/in 2 : N 2 , 

o 2 , co 2 

, H 2 0, CO, NO 

2 Reactions: 



1) 2 CO,, <=> 2 CO + 0 9 

2) 

N ? + 0 9 <=> 2 NO 

change -2a +2a +a 

change 

-b -b +2b 

Equil. Comp.: 
n N2 = 9 ’ 4x ' b 

n C02 = 

2-2a 

n Q2 = 2.5x-2.5+a-b 

n H20 - 

1 

n co - 

n NO = 

2b 

n TOT = 11.9x+0.5+a 




At 4600 R, fromA.il: Kj = 2.359xl0‘ 3 , K 2 = 4.249xl0‘ 3 


K i 2.359xl0' 3 


i z.joyxiu- , _ _. 4 / a xV2.5x-2.5+a-bA 
A = 5.103 =4.622x10 4 =(^) ( 1L9x+a5+a ) 


(P/P U ) 

K =4.249x10' 3 = 


(2b) 


(9.4-b)(2.5x-2.5+a-b) 


Also, from the energy Eq.: H p -H R = 0 where 

H = l(+97 477) + 0 + 0 = +97 497 Btu 

K. 

H p = (9.4x-b)(0+32 817) + (2.5x-2.5+a-b)(0+34 605) 

+ (2-2a)(-169 184+53 885) + 1(-103 966+43 899) 

+ 2a(-47 518+33 122) + 2b(38 818+31 161) 

Substituting, 

394 992 x x + 236 411 x a + 72 536 x b - 377 178 = 97477 

which results in a set of 3 equations in the 3 unknowns x,a,b. Trial and error 
solution from the last eq. and the ones for K+ and K 2 . The result is 

x = 1.12 , a = 0.1182, b = 0.05963 
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14.142 

The equilibrium reaction with methane as CH 4 <=> C + 2H 0 has In K = -0.3362 at 

1440 R and In K = -4.607 at 1080 R. By noting the relation of K to temperature, 
show how you would interpolate InK in (1/T) to find K at 1260 R and compare 
that to a linear interpolation. 

In K = -0.3362 at 1440 R In K = -4.607 at 1080 R 

_\_ \_ 

1260 ' 1440 

lnK 1260 = lnK 144Q + — — x (-4.607 + 0.3362) 

1080 " 1440 

1440 
1260 _1 

= -0.3362 + 144Q x (-4.2708) =-2.1665 
1080 1 

Linear interpolation: 

1260 - 1080 

^ nK 1260 " l nK 1080 + 1440 - 1080 ^ nK 1440 ' ^ nK 1080' ) 

= -4.607 + \ (-0.3362 + 4.607) = - 2.4716 
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14.143 


In a test of a gas-turbine combustor, saturated-liquid methane at 210 R is to be 
burned with excess air to hold the adiabatic flame temperature to 2880 R. It is 
assumed that the products consist of a mixture of C0 0 , FRO, N 0 , 0->, and NO in 

chemical equilibrium. Determine the percent excess air used in the combustion, 
and the percentage of NO in the products. 


CH 4 + 2x 0 2 + 7.52x N., 

-> 1 C0 9 + 2 H 2 0 + (2x-2) 0 9 + 7.52x N 


Then 

N 2 

+ o 2 <=> 

2 NO 

Also C0 9 

h 2 o 

init 

7.52x 

2x-2 

0 

1 

2 

ch. 

-a 

-a 

+2a 

0 

0 

equil. 

(7.52x- 

a) (2x-2-a) 

2a 

1 

2 


n TOT = 1 + 9.52x 


2880 R: In K = -10.55, K = 2.628xl0‘ 5 

2.628xl0‘ 5 K = 


Yno 


^N2^02 


= 


4a‘ 


Yno 

y N2 y 0 2 ~~ (7.52x-a)(2x-2-a) 


H r = 1 [-32 190 + (-1854-4300)]+ 0 + 0 (assume 77 F) = -38 344 Btu 

H p = 1(-169 184 + 29 049) + 2(-103 966 + 22 746) 

+ (7.52x-a)(18 015) + (2x-2-a)(19 031) + 2a(38 818 + 18 624) 
= -340 639 + 173 535 x + 77 838 a 
Assume a ~ 0, then from FL - FL = 0 — > x= 1.742 

r K 

Subst. 

a 2 2.628xlQ' 5 

(13.1-a)(1.484-a) _ 4 ’ get a ~ 0 - 01125 

Use this a in energy equation 

302 295 -77 838x0.01125 
x_ 173 535 ~ 1.737 


3l 


2.628x10 


-5 


(13.062-a)(1.474-a)~ 4 

x= 1.737 % excess air = 73.7 % 

2x0.0112x100 


, a = 0.0112 


% NO = 


1+9.52x1.737 


= 0.128 % 
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14.144 

Dry air is heated from 77 F to 7200 R in a 14.7 lbf/in. 2 constant-pressure process. 
List the possible reactions that may take place and determine the equilibrium 
composition. Find the required heat transfer. 

Air assumed to be 21% oxygen and 79% nitrogen by volume. 

From the elementary reactions at 4000 K = 7200 R (A. 1 1): 

(1) 0 2 <=> 2 O Kj = 2.221 =yo/y 0 2 

(2) N 2 <=> 2 N K 2 = 3.141 x 10- 6 = y^/y N 2 

(3) N 2 + 0 2 <=> 2 NO K 3 = 0.08955 = yNo/yN 2 y 0 2 

Call the shifts a,b,c respectively so we get 

n 0 2 = 0.21-a-c, n Q = 2a, n N2 = 0.79-b-c, n N = 2b, 
n NO = 2c, n tot = 1+a+b 

From which the molefractions are formed and substituted into the three 
equilibrium equations. The result is corrected for 1 atm = 14.7 lbf/in 2 = 
101.325 kPa versus the tables 100 kPa 

Ki = 2.1511 = yo/yo 2 = 4a 2 /[(l+a+b)(0.21-a-c)] 

K 2 = 3.042xl0- 6 = y^/yN 2 = 4b 2 /[(l+a+b)(0.79-b-c)] 

K 3 = 0.08955 = yNc/yN 2 yo 2 = 4c 2 /[(0.79-b-c)(0.21-a-c)] 

which give 3 eqs. for the unknowns (a,b,c). Trial and error assume b = c = 0 
solve for a from Ki then for c from K 3 and finally given the (a,c) solve for b 
from K 2 . The order chosen according to expected magnitude Ki > K 3 > K 2 

a = 0.15, b = 0.000832, c = 0.0244 => 
no2 = 0.0356, nQ = 0.3, riN2 = 0-765, nj^ = 0. 00167, njvjo = 0.049 

Q = H ex - Hi n = no 2 Aho 2 + n N2 Ah\T 2 + no(hfo + Aho) 

+ nN(hfN + Ah N ) + n NO (hfNo + Ah N0 ) - 0 
= 0.0356 x 59 632 + 0.765 x 55 902 + 0.3(107 124 + 33 394) 

+ 0.00167(203 216 + 33 333) + 0.049(38 818 + 57 038) 

= 92 135 Btu/lbmol air 

[If no reaction: Q = n 02 Ah 02 + n N2 Ah N2 = 56 685 Btu/lbmol air] 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 


V 

Borgnakke Sonntag 

V 

/ 

— ^ 

Fundamentals of 
Thermodynamics 

\ 

SOLUTION MANUAL 


CHAPTER 15 


A 

V - 

> o 


Updated June 2013 




Borgnakke and Sonntag 


tYt 

Fundamentals of Thermodynamics 8 Edition 
Borgnakke and Sonntag 

CONTENT CHAPTER 15 


SUBSECTION PROB NO. 

in-Text concept questions a-j 

Studyguide problems 1-13 

Stagnation Properties 14-23 

Momentum Equation and Forces 24-31 

Adiabatic 1-D Flow and Velocity of Sound 32-39 

Reversible Flow Through a Nozzle 40-60 

Normal Shocks 61-70 

Nozzles, Diffusers, and Orifices 71-81 

Review problems 82-84 

Problems solved with the Pr, vr functions 44, 73 

English unit problems 85-103 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


In-Text Concept Questions 
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15.a 

Is stagnation temperature always higher than free stream temperature? Why? 


Yes. Since kinetic energy can only be positive we have 

h Q = hj + Vj/2 > hj 

If it is a gas with constant heat capacity we get 
T =T +V 2 /2C 

o 1 v I P 
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15.b 

By looking at Eq. 15.25, rank the speed of sound for a solid, a liquid, and a gas. 




Speed of sound: 


dP 

dp ) 


= c 


2 


For a solid and liquid phase the density varies only slightly with 
temperature and constant s is also nearly constant T. We thus expect the 
derivative to be very high that is we need very large changes in P to give 
small changes in density. 

A gas is highly compressible so the formula reduces to Eq. 15.28 which 
gives modest values for the speed of sound. 


15.c 

Does speed of sound in an ideal gas depend on pressure? What about a real gas? 

No. For an ideal gas the speed of sound is given by Eq. 15.28 

c = yfkRT 

and is only a function of temperature T. 

For a real gas we do not recover the simple expression above and there is a 
dependency on P particularly in the dense gas region above the critical 
point. 


15.d 

Can a convergent adiabatic nozzle produce a supersonic flow? 

No. From Eq. 15.33 and a nozzle so dP < 0 it is required to have dA > 0 to 
reach M > 1 . A convergent nozzle will have M = 1 at the exit, which is the 
smallest area. For lower back pressures there may be a shock standing 
outside the exit plane. 
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15.e 

To maximize the mass flow rate of air through a given nozzle, which properties 
should I try to change and in which direction, higher or lower? 

The mass flow rate is given by Eq. 15.41 and if we have M = 1 at the throat 
then Eq. 15.42 gives the maximum mass flow rate possible. 

Max flow for: 

Higher upstream stagnation pressure 
Lower upstream stagnation temperature 


15.f 

How do the stagnation temperature and pressure change in an isentropic flow? 
The stagnation temperature and stagnation pressure are constant. 
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15.g 

Which of the cases in Fig. 15.17 (a-h) have entropy generation and which do not? 

a. There is no flow so s gen = 0. 

b. Subsonic flow, reversible, so s gen = 0. 

c. Limit for subsonic flow, reversible, so s gen = 0. 

d. The only supersonic reversible flow solution, so s gen = 0. 

e. Supersonic reversible in nozzle s gen = 0, irreversible outside. 

f. Supersonic reversible in nozzle s gen = 0, compression outside. 

g. Shock stands at exit plane, s gen > 0 across shock. 

h. Shock is located inside nozzle, s gon > 0 across shock. 
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15.h 

How does the stagnation temperature and pressure change in an adiabatic nozzle 
flow with an efficiency of less than 100%? 

The stagnation temperature stays constant (energy eq.) 

The stagnation pressure drops (s is generated, less kinetic energy). 
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15.i 

Table A. 13 has a column for P oy /P ox why is there not one for T oy IT ox l 

The stagnation pressure drops across the shock (irreversible flow) whereas the 
stagnation temperature is constant (energy equation). 
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How high can a gas velocity (Mach number) be and still treat it as incompressible 
flow within 2% error? 


The relative error in the AP versus kinetic energy, Eq. 15.66, becomes 


e 


1 

4 


V 

v c oy 


0.02 



^4 x 0.02 = 0.283 
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Concept-Study Guide Problems 
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15.1 

Which temperature does a thermometer or thermocouple measure? Would you 
ever need to make a correction to that? 

Since the probe with the thermocouple in its tip is stationary relative to the 
moving fluid it will measure something close to the stagnation temperature. If that 
is high relative to the free stream temperature there will be significant heat 
transfer (convection and radiation) from the probe and it will measure a little less. 
For very high accuracy temperature measurements you must make some 
corrections for these effects. 
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15.2 

The jet engine thrust is found from the overall momentum equation. Where is the 
actual force acting (it is not a long-range force in the flow)? 

The compressor is generating the high pressure flow so the blades pushes 
hard on the flow and thus a force acts in the forward direction on the shaft holding 
the rotating blades. The high pressure in the chamber with combustion also has a 
net force in the forward direction as the flow leaves in the backwards direction so 
less wall area there and higher velocity. The pressure drop in the turbine means its 
blades pushes in the other direction but as the turbine exit pressure is higher than 
the ambient pressure the axial force is less than that of the compressor. 

In front of the nozzle section there is a higher upstream pressure and a 
lower downstream pressure which is the pressure difference that generates the 
large exit velocity. This higher pressure plus the pressure difference across the 
turbine equals the pressure in the combustion chamber which is the compressor 
exit pressure. If the nozzle was not there this pressure would be lower and the 
pressure on all the surfaces including the compressor blades would provide less 
thrust. 


High P 


Low P 
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15.3 

Most compressors have a small diffuser at the exit to reduce the high gas velocity 
near the rotating blades and increase the pressure in the exit flow. What does this 
do to the stagnation pressure? 

For a reversible flow (ideal case) the stagnation pressure is constant. However, the 
reason it is done is to raise the pressure in a near reversible flow (diffuser) rather 
than let the flow reduce the peak velocities in a less reversible fashion which 
would lower the stagnation pressure. 

15.4 

A diffuser is a divergent nozzle used to reduce a flow velocity. Is there a limit for 
the Mach number for it to work like this? 

Yes, the flow must be subsonic. If the flow was supersonic then increasing the 
flow area would increase the velocity. 
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15.5 

Sketch the variation in V, T, P, p and M for a subsonic flow into a convergent 
nozzle with M = 1 at the exit plane? 

V = M c = M VkRT = ^/2C p (T 0 - T) 

Since we do not know the area versus length, we plot it versus mach number M. 
T, P and p relative to the stagnation state is listed in Table A. 12 and given in 
eqs. 15.34-36. A small spread sheet (M step 0.1) did the calculations. 


Only the first part 0 < M < 1 is the answer to this question. 



The curves are 
plotted as the 
variables: 


P/Po 

P/P 0 

V/y2C p T 0 
and for k = 1.4 


Mach number 
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15.6 

Sketch the variation in V, T, P, p and M for a sonic (M = 1) flow into a divergent 
nozzle with M = 2 at the exit plane? 


V =M c = M VkRT = ^2C p (T 0 - T) 

Since we do not know the area versus length, we plot it versus mach number M. 
T, P and p relative to the stagnation state is listed in Table A. 12 and given in 
eqs. 15.34-36. 


Only the last part 1 < M < 2 is the answer to this question. 



Mach number 


The curves are 
plotted as the 
variables: 


p/po 

P/P 0 

V/V2C p T 0 

and for k = 1.4 
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15.7 

Can any low enough backup pressure generate an isentropic supersonic flow? 

No. Only one back pressure corresponds to a supersonic flow, which is 
the exit pressure at state d in Figure 15.13. However a pressure lower than that 
can give an isentropic flow in the nozzle, case e, with a drop in pressure outside 
the nozzle. This is irreversible leading to an increase in s and therefore not 
isentropic. 

15.8 

Is there any benefit to operate a nozzle choked? 

Yes. Since the mass flow rate is constant (max value) between points c 
and d in Fig. 15.12 a small variation in the back pressure will not have any 
influence. The nozzle then provides a constant mass flow rate free of 
surges up or down which is very useful for flow calibrations or other 
measurements where a constant mass flow rate is essential. 
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15.9 

Can a shock be located upstream from the throat? 
No. The flow adjust so M = 1 at the throat. 
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15.10 

The high velocity exit flow in Example 15.7 is at 183 K. Can that flow be used to 
cool a room? 

Being that cold it sounds like it could. However when the flow enters a room it 
eventually would have to slow down and then it has the stagnation temperature. If 
you let the flow run over a surface there will be a boundary layer with zero 
velocity at the surface and again there the temperature is close to the stagnation 
temperature. 
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15.11 

A convergent-divergent nozzle is presented for an application that requires a 
supersonic exit flow. What features of the nozzle do you look at first? 

You look at the cross section area change through the nozzle. At the throat M = 1 
so in the divergent section the velocity increases and the ratio A/A* determines 
how the flow changes. The exit area can then tell you what the exit mach number 
will be and if you can have a reversible flow or not. 
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15.12 

To increase the flow through a choked nozzle, the flow can be heated/cooled or 
compressed/expanded (four processes) before or after the nozzle. Explain which 
of these eight possibilities will help and which will not. 

The mass flow rate through a choked nozzle is given by Eq. 15.42. Since k and R 
are constant it varies with the upstream stagnation properties P 0 and T 0 . 

After nozzle: Any downstream changes have no effects. 

Before nozzle: Upstream changes in P 0 and T 0 has an influence. 

a. Heat This lowers mass flow rate (T 0 increases) 

b. Cool This raises mass flow rate (T 0 decreases) 

c. Compress. Raises P 0 and T 0 opposite effects. 

k-1 

Isentropic: P 0 new = P 0 r p and T 0 new = T 0 (r p ) k 

k+1 

Po«w/A/T 0 „ w = (r p )2k [P,/^] > [Pc/Tf!] 

So the mass flow rate increases 

d. Expand. Lowers P 0 and T 0 opposite effects. Assume 

isentropic, then mass flow rate decreases. 
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15.13 

Suppose a convergent-divergent nozzle is operated as case h in Fig. 15.17. What 
kind of nozzle could have the same exit pressure but with a reversible flow? 

A convergent nozzle, having subsonic flow everywhere assuming the 
pressure ratio is higher than the critical. 
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Stagnation Properties 
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15.14 

A stationary thermometer measures 80°C in an air flow that has a velocity of 200 
m/s. What is the actual flow temperature? 


We assume that the thermometer measures the stagnation temperature, that is the 
probe (bulb, thermistor or thermo-couple junction sits stationary). 


h o = h i + V I /2 


T =T -V 2 /2C 

a i x o v r hp 


n 200 2 (m/s) 2 

T i - 80 c - 2000 x 1 Q04 J/k K - 60 C 
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15.15 

Steam leaves a nozzle with a pressure of 500 kPa, a temperature of 350°C, and a 
velocity of 250 m/s. What is the isentropic stagnation pressure and temperature? 

Stagnation enthalpy from energy equation and values from steam tables B.1.3 

, 250 2 (m/s) 2 

h Q = hj + V 2 /2 = 3167.7 kJ/kg + o 000 j /kj = 3198.4 kJ/kg 

S() = S j = 7.6329 kJ/kg K 

It can be linearly interpolated from the printed tables 

Computer software: (h Q , s q ) =^> T q = 365°C, P q = 556 kPa 
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15.16 

Steam at 1600 kPa, 300°C flows so it has a stagnation (total) pressure of 1800 
kPa. Find the velocity and the stagnation temperature. 

The stagnation state has the same entropy as the inlet state so: 

1: 1600 kPa, 300°C has h = 3034.83 kJ/kg, s = 6.8844 kJ/kg-K 
Stagnation: 1800 kPa, s () = 6.8844 kJ/kg-K has 

Table B. 1.3: T QJ = 316.5°C, h 01 = 3066.155 kJ/kg 

\\I2 = h 01 - hj = 3066.155 - 3034.83 = 31.325 kJ/kg 

Vj = ^2 x (h ol -h 1 )=y/2 x 31.325 x 1000J/kg = 250.3 m/s 
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15.17 

An object from space enters the earth’s upper atmosphere at 5 kPa, 100 K, with a 
relative velocity of 2500 m/s or more . Estimate the object's surface temperature. 

h Q| - h 1 = Vj/2 = 2500 2 /2000 = 3125 kJ/kg 
h o l =h l + 2000 = 100 + 3125 = 3225 kJ/kg => T = 2767 K 
The value for h 1 from ideal gas table A.7 was estimated since the lowest T in the 
table is 200 K. 
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15.18 

The products of combustion of a jet engine leave the engine with a velocity 
relative to the plane of 500 m/s, a temperature of 525°C, and a pressure of 75 kPa. 
Assuming that k = 1.32, C p = 1.15 kJ/kg K for the products, determine the 
stagnation pressure and temperature of the products relative to the airplane. 

Energy Eq.: h Ql - h, = V 2 /2 = 500 2 /2000 = 125 kJ/kg 

T , - T = (h , - h )/C n = 125/1.15 = 108.7 K 

ol 1 v ol V P 

T = 525 + 273.15 + 108.7 = 906.8 K 

Ol 

Isentropic process relates to the stagnation pressure 

P ol = PjCT^/Tj)^- 1 ) = 75(906.8/798. 15) 4125 = 127 kPa 
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15.19 

Steam is flowing to a nozzle with a pressure of 400 kPa. The stagnation pressure 

and temperature are measured to be 600 kPa and 350°C, respectively. What are 
the flow velocity and temperature? 

Stagnation state Table B.1.3: h Ql = 3165.66 kJ/kg, s q1 = 7.5463 kJ/kg K 
State 1: 400 kPa, Sj = s q1 = 7.5463 kJ/kg K 

7.5463 -7.3788 

Tj = 250 + (300 - 250) 7 5661 - 7 3788 = 294/7 C 

7.5463 -7.3788 

hj = 2964.16 + 7 g661 7 3788 (3066.75 - 2964.16) = 3055.9 kJ/kg 
Energy equation gives 

Vj/2 = h ol - hj = 3165.66 - 3055.9 = 109.76 kJ/kg 
Vj =y|2x (h oi - h i) = V(2 X 109.76 x 1000) J/kg = 468.5 m/s 
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15.20 


A meteorite melts and burn up at temperatures of 3000 K. If it hits air at 5 kPa, 50 
K how high a velocity should it have to experience such a temperature? 

Assume we have a stagnation T = 3000 K 
h, + V 2 /2 = h t 

1 1 stagn. 

Use table A. 7, h stagn = 3525.36 kJ/kg, hj = 50 kJ/kg 


Vj/2 = 3525.36 - 50 = 3475.4 kJ/kg (remember convert to J/kg = m 2 /s 2 ) 
V 1 =^/2 x 3475.4 x 1000 J/kg = 2636 m/s 
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15.21 

Air leaves a compressor in a pipe with a stagnation temperature and pressure of 
150°C, 300 kPa, and a velocity of 125 m/s. The pipe has a cross-sectional area of 
0.02 m-. Determine the static temperature and pressure and the mass flow rate. 


h oi - hj = V 2 /2 = 125 2 /2000 = 7.8125 kJ/kg 
T ol - Tj = (h ol - hp/C = 7.8125/1.004 = 7.8 K 
T. = T . - AT = 150 - 7.8 = 142.2 °C = 415.4 K 

1 Ol 

P l = p 0 1 ( T i /T 0 1 ) k/(k " 1 } = 300 kPa (415.4/423. 15) 3 - 5 = 281 kPa 


AY P l AV l 281.2(0.02)(125) 


0.287(415.4) - 5,9kg/s 
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15.22 


I drive down the highway at 1 10 km/h on a day with 25°C, 101.3 kPa. I put my 
hand, cross sectional area 0.01 m 2 , flat out the window. What is the force on my 
hand and what temperature do I feel? 

The air stagnates on the hand surface : h 1 + V~/2 = h stagn 


Use constant heat capacity 

V i /2 _ 0.5 x IIP 2 x (1000/3 600) 2 

Etagn. _ E + C p ~~ ^ + 1004 


25.465°C 


Assume a reversible adiabatic compression 
P f = P, (T /T.) k/(k-1) = 101.3 kPa (298.615/298.15) 3 5 

stagn. 1 v stagn. 1 v 7 

= 101.85 kPa 
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15.23 

A stagnation pressure of 1 10 kPa is measured for an airflow where the pressure is 
100 kPa and 20°C in the approach flow. What is the incomming velocity? 

Assume a reversible adiabatic compression 

T = T. x (P ,/P.) (k - lvk = 293.15 K x ( t ^ J ) 0 ' 2857 = 301.24 K 
ol 1 v ol v HOlr 

V 2 /2 = h ol - hj = C (T ol - Tj) = 1.004 (301.24 - 293.15) = 8.1246 kJ/kg 
V 1 =V 2x 8 - 1246 x 1000 = 127.5 m/s 



cb 


To the left a Pitot tube, blue inner tube measures stagnation pressure and yellow 
outer tube with holes in it measures static pressure. To the right is a stagnation 
point on a wall relative to the free stream flow at state 1. 
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15.24 

A 4-cm inner diameter pipe has an inlet flow of 10 kg/s water at 20°C, 200 kPa. 

After a 90 degree bend as shown in Fig. P15.24, the exit flow is at 20°C, 190 kPa. 
Neglect gravitational effects and find the anchoring forces F x and F y . 


D = 0.04 m => A = |D 2 = 0.001257 m 2 
m 10x0.001002 

V = — r= n =7. 971 m/s 

avg pA 0.001257 

Now we can do the x and y direction momentum equations for steady flow 
and the same magnitude of the velocity, but different directions 


X-dir: 0 = mV 1 +F-mx0 + (P,-P)A 

avg lx v 1 o' 

Y-dir: 0=mx0+F -mx(-V ,) + (P„-P)A 

y v avg 2' v 2 o' 


F = - m V . - (P - P ) A 

x avg 1 v 1 o' 

= -10 x 7.97 - 100 x 0.001257 x 1000 = -205 N 
F = - m V r. - (P_ - P ) A 

y avg 2 v 2 o' 

= - 10 X 7.97 - 90 X 0.001257 x 1000 = -193 N 





1 } 


y 


X 
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15.25 

A jet engine receives a flow of 150 m/s air at 75 kPa, 5°C across an area of 0.6 m~ 
with an exit flow at 450 m/s, 75 kPa, 800 K. Find the mass flow rate and thrust. 


m = pAV ; ideal gas p = P/RT 

m = (P/RT)AV = ( ~ OCK7 75 0 ^ q . ~ ) x 0.6 x 150 = 0.9395 x 0.6 x 150 

v 0. 287 x 278.15 

= 84.555 kg/s 

F = m (V -V. ) =84.555 x (450 - 150) = 25 367 N 

net v ex in 7 v 7 


Inlet High P Low P exit 



The shaft must have axial load bearings to transmit thrust to aircraft. 
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15.26 


How large a force must be applied to a squirt gun to have 0. 1 kg/s water flow out 
at 20 m/s? What pressure inside the chamber is needed? 

d mV o 

F = = m V = 0. 1 x 20 kg m/s 2 = 2 N 

Eq. 15.21: vAP = 0.5 V 2 

AP = 0.5 V 2 /v = 0.5 x 20 2 / 0.001 
= 200 000 Pa = 200 kPa 
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15.27 

A jet engine at takeoff has air at 20°C, 100 kPa coming at 25 m/s through the 1.0 
m diameter inlet. The exit flow is at 1200 K, 100 kPa, through the exit nozzle of 
0.4 m diameter. Neglect the fuel flow rate and find the net force (thrust) on the 
engine. 

Aj = | D 2 = 0.7854 m 2 ; A 2 = |d 2 = 0.1257 m 2 

RT 0.287 x 293.15 , 

Vj = = Jqq = 0.8409 m'Vkg; v 2 = 3.444 nr /kg 

0.7854 x 25 

m = AV/v = Aj V 1 /v 1 = q 84Q9 = 48.0 kg/s 

mv 2 48.0 x 3.444 
V 2“ A 2 " 0.1257 ~ 1315m/s 

Now we can do the x direction momentum equation for steady flow and the same 
mass flow rate in and out 


X-dir: 0 = m V 1 + F x + (Pj - P q ) Aj-m^- (P 2 - P Q ) A 2 

F = - m V, - (P, - P ) A, + m V 0 + (P. - P ) A, 

x 1 v 1 o 7 1 I x l o' l 

= m (V 2 - Vj) - 0 + 0 = 48 (1315 - 25) = 61 920 N 
Inlet High P Low P exit 
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15.28 

A water turbine using nozzles is located at the bottom of Hoover Dam 175 m 
below the surface of Lake Mead. The water enters the nozzles at a stagnation 
pressure corresponding to the column of water above it minus 20% due to losses. 
The temperature is 15°C and the water leaves at standard atmospheric pressure. If 
the flow through the nozzle is reversible and adiabatic, determine the velocity and 
kinetic energy per kilogram of water leaving the nozzle. 


The static pressure at the 175 m depth is: 


_ gAZ _ 9.807 x 175 

AP - pgAZ - y - o_oo 1001 x 10 oo 


1714.5 kPa 


AP =0.8 AP= 1371.6 kPa 

ac 


Use Bernoulli’s equation: vAP = V “ /2 

1 ex 

=> = v/2vAP 

ex 

V = v/2 x 0.001001 x 1000 x 1371.6 = 62.4 m/s 

ex 

V 2 /2 = vAP = 1.373 kj/kg 

ex 
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15.29 

A water cannon sprays 1 kg/s liquid water at a velocity of 100 m/s horizontally 
out from a nozzle. It is driven by a pump that receives the water from a tank at 
15°C, 100 kPa. Neglect elevation differences and the kinetic energy of the water 
flow in the pump and hose to the nozzle. Find the nozzle exit area, the required 
pressure out of the pump and the horizontal force needed to hold the cannon. 

m = pAV = AV/v => A = mv/V = 1 1.0 x 10’ 5 m 2 

W =mw = mv(P -P. ) = mV 2 /2 

p p v ex lir ex 

p = P. + V 2 /2v = 100 + 100 2 /2 x 1000 x 0.001 = 150 kPa 

ex in ex 

F = mV = 1 x 100 = 100 N 
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15.30 

An irrigation pump takes water from a lake and discharges it through a nozzle as 
shown in Fig. P15.30. At the pump exit the pressure is 900 kPa, and the 
temperature is 20°C. The nozzle is located 15 m above the pump and the 
atmospheric pressure is 100 kPa. Assuming reversible flow through the system 
determine the velocity of the water leaving the nozzle. 

Assume we can neglect kinetic energy in the pipe in and out of the pump. 
Incompressible flow so Bernoulli's equation applies (Vj = V 9 = V 3 = 0) 


Bernoulli: v(P 3 - P 2 ) + (V” - V^)/2 + g(Z 3 - Z 2 ) = 0 

g(Z - Z ) 9.807 x 15 

P — P — — QOO — — lk Pn 

3 r 2 v 1000x0.001002 

Bernoulli: V^/2 = v(P 3 - P 4 ) 

=> V 4 = ^2v(P 3 - P 4 ) = ^2x 0.001002 x 653 x 1000 = 36.2 m/s 
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15.31 

A water tower on a farm holds 1 m 3 liquid water at 20°C, 100 kPa in a tank on top 
of a 5 m tall tower. A pipe leads to the ground level with a tap that can open a 1 .5 
cm diameter hole. Neglect friction and pipe losses, and estimate the time it will 
take to empty the tank for water. 

Incompressible flow so we can use Bernoulli Equation. 

p -P.; v. = 0; Z =0; Z = H 

c r i e i 

V 2 /2 = gZ. => V e = A/2gZ =a/2 x 9.807 x 5 = 9.9 m/s 
6 1 

m = pAV e = AV e /v = Am/ At 

Am = V/v; A = 7tD 2 /4 = n x 0.015 2 / 4 = 1.77 x 10' 4 m 2 
=> At = Amv/AV e = V/AV e 

At = — ~~~ = 571.6 sec = 9.53 min 

1.77 x 10' 4 x 9.9 
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15.32 

Find the speed of sound for air at 100 kPa at the two temperatures 0°C and 30°C. 
Repeat the answer for carbon dioxide and argon gases. 

From eq. 15.28 we have 

c Q = ^/kRT = \j 1.4 x 0.287 x 273.15 x 1000 = 331 m/s 

c 3Q = ^1.4 x 0.287 x 303.15 x 1000 = 349 m/s 
For Carbon Dioxide: R = 0.1889 kJ/kg K, k = 1.289 

c Q = V 1.289 x 0.1889 x 273.15 x 1000 = 257.9 m/s 

c 3Q = V 1-289 x 0.1889 x 303.15 x 1000 = 271.7 m/s 
For Argon: R = 0.2081 kJ/kg K, k = 1.667 

c Q = V 1-667 x 0.2081 x 273.15 x 1000 = 307.8 m/s 

c 3Q = 1.667 x 0.2081 x 303.15 x 1000 = 324.3 m/s 
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15.33 

Find the expression for the anchoring force R x for an incompressible flow like in 
Figure 15.6. Show that it can be written as 

Vi-V e 

Rx = + [^i _ Po)^i + (Re ~ Po)^e] 


Apply the X-dir momentum equation for a steady flow 

0 = R x + (Pi - P 0 )Ai - (P e - P 0 )A e + mV. - mV e 

Bernoulli equation for the flow is 

2 2 2v (Pj - P e ) 

0-5( V e - Vj ) + v (P e - Pj) = 0 =* V e -V i = Vi + Ve 

Continuity equation gives 


m = AjVj /v = A e V e /v 
Solve for R x from the momentum equation 


R x = m (V e - Vj) + (P e - P 0 )A e - (Pj - P 0 )Ai 
AjVj 2v (Pj - P e ) 

” Y V + V + _ “ (Pi “ Po)Ai 


Multiply in and use continuity equation for second term 


R x = v“7v;[P, A i V ,-Pe A e V e ] 


+ (P e - P 0 )A e - (P, - P 0 )A; 


V^v; [ P . A , V i ' P = A = V = + Ve - P o) A e V e " Vi “ P„)AiV, 

+ j(P e -P 0 )A e V i -5(P 1 -P 0 )A i V e ] 


Now put the first four terms together 

Rx = vAr 1 Vi - Po)A,Vi - Ve - Po)A e v e 

v i T v e 

+ Ve - Po)A e V; - Vi - p o)A;V J 
= vihr t Vi - p o)Ai(Vi - v e) + Ve * Po)A e (v, - v e) ] 

v i T v e 

V -V 

= vh^V [ (p i - Po)Ai + (Pe - Po)A e ] 
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15.34 

Estimate the speed of sound for steam directly from Eq. 15.25 and the steam 
tables for a state of 6 MPa, 400°C. Use table values at 5 and 7 MPa at the same 
entropy as the wanted state. Eq. 15.25 is then done by finite difference. Find also 
the answer for the speed of sound assuming steam is an ideal gas. 


Eq. 15.25: 



State 6 MPa, 400°C => s = 6.5407 kJ/kg K 
7 MPa, s => v = 0.04205 m 3 /kg; p = 
5 MPa, s => v = 0.05467 m 3 /kg; p 


1/Y = 23.777 kg/m 3 
l/v= 18.2909 kg/m 3 



7000 - 5000 
- 23.777 - 18.2909 


= 364.56 x 1000 


c = 603.8 m/s 


From Table A. 8: C p 


1338.56 - 1235.3 
50 


= 2.0652 kJ/kg K 


C v = C p - R = 2.0652 - 0.4615 = 1.6037 kJ/kg K 
k = C p /C v = 1.288; R = 0.4615 kJ/kg K (from A.5) 

Now do the speed of sound from Eq. 15.28 
c = ^RT = Vl-288 x 0.4615 x 673.15 x 1000= 632.6 m/s 
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15.35 

Use the CATT3 software to solve the previous problem. 

From Eq. 15.25: c 2 = (fp s = ~v 2 (f;) s 

Superheated vapor water at 400°C, 6000 kPa 

CATO: v = 0.04739 m 3 /kg, s = 6.541 kJ/kg K 

At P = 6200 kPa & s = 6.541 kJ/kg K: T = 405.1°C, v = 0.0462 m 3 /kg 

At P = 5800 kPa & s = 6.541 kJ/kg K: T = 394.8°C, v = 0.04866 m 3 /kg 

e 2 = -(0.04739)- ^ = 0.36517 x 10 6 m-/s 2 

=> c = 604 m/s 

1338.56 - 1235.3 

From Table A.8: C p = ^ = 2.0652 kJ/kg K 

C v = C p - R = 2.0652 - 0.4615 = 1.6037 kJ/kg K 

k = C p /C v = 1.288; R = 0.4615 kJ/kg K (from A.5) 

Now do the speed of sound from Eq. 15.28 

c = -\/kRT = aJi.288 x 0.4615 x 673.15 x 1000= 632.6 m/s 
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15.36 

If the sound of thunder is heard 5 seconds after the lightning is seen and the 
weather is 20°C. How far away is the lightning taking place? 

The sound travels with the speed of sound in air (ideal gas). Use the 
formula in Eq. 15.28 

L = c x t = ^kRT x t = ^1.4 x 0.287 x 293.15 x 1000 x 5 = 1716 m 


For every 3 
seconds after the 
lightning the 
sound travels 
about 1 km. 
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15.37 

Find the speed of sound for carbon dioxide at 2500 kPa, 60°C using either the 
tables or the CATT3 software (same procedure as in Problem 15.34) and compare 
that with Eq. 15.28. 

From Eq. 15.25: c 2 = (fp s = ~v 2 (f;) s 


Superheated carbon dioxide at 60°C, 2500 kPa 

CATT3: v = 0.02291 m 3 /kg, s = 1.521 kJ/kg K 

At P = 2600 kPa& s= 1.521 kJ/kg K: T = 63.02°C, v = 0.02221 m 3 /kg 
At P = 2400 kPa & s = 1.521 kJ/kg K: T = 56.9°C, v = 0.02365 m 3 /kg 



9 ( 2.6 - 2.4 \ MJ 

(°- 02291 ) ( q. 02221 - 0.02365 ) k^ = 7 ' 8983 X 10 ^ m /s 


=> 


c = 270 m/s 


From Table A.5: k = C p /C v = 1.289; R = 0.1889 kJ/kg K 
Now do the speed of sound from Eq. 15.28 

c = >/kRT = Vl.289 x 0.1889 x 333.15 x 1000= 284.8 m/s 
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15.38 

A jet flies at an altitude of 12 km where the air is at -40°C, 45 kPa with a velocity 
of 1000 km/h. Find the Mach number and the stagnation temperature on the nose. 


From Table A.5 : k = C p /C v =1.4; R = 0.287 kJ/kg K 


Now do the speed of sound from Eq. 15.28 


c = VkRT = Vl-4x 0.287 x 233.15 x 1000= 306 m/s 
V = 1000 km/h = 1000 (km/h) x 1000 (m/km) /3600 (s/h)= 278 m/s 
M = V / c = 278/306 = 0.908 


h 0 = hi + Vf/2 O 


T 0 = T 1+ Vf/2C p = -40 + - 


27 8 2 


x 1004 


-1.5°C 
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15.39 

The speed of sound in liquid water at 25°C is about 1500 m/s. Find the stagnation 

pressure and temperature for a M = 0.1 flow at 25°C, 100 kPa. Is it possible to get 
a significant mach number flow of liquid water? 


V = Mc = 0.1 x 1500= 150 m/s 

r2 


h 0 = hj + Vf/2 


150 2 


Bernoulli Eq.: AP = Vf/2v = “ n AA1 = 11.25 x 10 6 Pa = 11.25 MPa 

n 1 2x 0.001 


P 0 = P : + AP = 100 + 11 250 = 11 350 kPa 

15q2 

r2 / ac . _ 27 


T 0 = T 1+ Vf/2C p = 25+- 


x 4180 


Remark: Notice the very high pressure. To get a higher velocity you need a higher 
pressure to accelerate the fluid, that is not feasible for any large flow rate. 
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15.40 

Steam flowing at 15 m/s 1800 kPa, 300°C expands to 1600 kPa in a converging 
nozzle. Find the exit velocity and area ratio A e / A r 


Solve the problem with the steam tables. 

Inlet state: Vj = 0.14021 m 3 /kg, hj = 3029.21 kJ/kg, Sj = 6.8226 kJ/kg-K 
Exit state: (P e ,s e = Sj) v e = 0.15371 m 3 /kg, h e = 3000.995 kJ/kg 

Energy Eq.: V 3 / 2 + hj = V 3 / 2 + h e ; V 3 = V 3 + 2(h i - h e ) 

V e = V 15 x 15 + 2000(3029.21 - 3000.995) = 238 m/s 
Same mass flow rate so 

0.15371 15 

A e /Aj = (Vg/VjXVj/Vg) = () |4()2| x 233^ = 006909 
If we solved as ideal gas with constant specific heat we get (k = 1.327) 

(k-l)/k 0.2464 

T e = T i (P e /P i ) =573.15 (1600/1800) = 556.76 K 


V e = f\l\ + 2C p (Ti - T e ) = y/15 xl5 + 2 xl872(573.15 - 556.76) 

= 248 m/s 


A e /Aj = (Vg/VjXVj/Vg) = (Pi/P e ) 1/k ( Vi/Vg) 


0800)0-7536 J5_ 

v 1600 j x 24g = 0.0661 
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15.41 

A convergent nozzle has a minimum area of 0.1 m and receives air at 175 kPa, 
1000 K flowing with 100 m/s. What is the back pressure that will produce the 
maximum flow rate and find that flow rate? 

P* 2 1 

p - = (j— j-) k -t = 0.528 Critical Pressure Ratio 

Find P G : 

h 0 = hi + Vj/2 = 1046.22 + 100 2 /2000 = 1051.22 kJ/kg 
T 0 = Tj + 4.4 = 1004.4 K from table A.7 

p 0 = Pj (To/Ti)^^ = 175 x (1004.4/1000) 3 ' 5 = 177.71 kPa 
The mass flow rate comes from the throat properties 
P* = 0.528 P G = 0.528 x 177.71 = 93.83 kPa 

T* = 0.8333 T 0 = 836.97 K 

p* 33 

p = RT* = 0.287 x 836.97 = °- 3906 k § /m3 
V = c = \JkRT" =yjlAx 1000 x 0.287 x 836.97 = 579.9 m/s 

m = pAV = 0.3906 x 0.1 x 579.9 = 22.65 kg/s 
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15.42 

A convergent-divergent nozzle has a throat area of 100 mm 2 and an exit area of 
175 mm 2 . The inlet flow is helium at a stagnation pressure of 1 MPa, stagnation 
temperature of 375 K. What is the back pressure that will give sonic condition at 
the throat, but subsonic everywhere else? 

For this flow we have helium with k T1 = 1.667, so we cannot use the tables for air. 

He 

We need the solution to the curve labeled c in Fig. 15.13. For critical flow at the 
throat we have from Table 15.1 last column 

P* = 0.4867 P 0 = 486.7 kPa 

Now we need to find the conditions where the area ratio is 
A /A* = 175/100 = 1.75 

E 

that is solve for M in Eq. 15.43 given the area ratio. This is nonlinear so we have to 
iterate on it. Here (k+l)/2(k-l) = 2 so look also at Fig. 15.10 for the general shape. 

M = 0.4 => A/ A* = (1/0.4) [ 0.75(1 + 0.3333*0.4 2 ) ] 2 = 1.5602 

M = 0.3 => A/A* = (1/0.3) [ 0.75(1 + 0. 3333*0. 3 2 ) ] 2 = 1.9892 

M = 0.35 => A/A* = (1/0.35) [0.75(1 + 0.3333*0.35 2 ) ] 2 = 1.7410 

M = 0.34 => A/A* = (1/0.34) [ 0.75(1 + 0.3333*0.34 2 ) ] 2 = 1.7844 

Now do a linear interpolation for the rest to get M R = 0.348 ; 

Eq. 15.35 P E /P 0 = [1 + 0. 3333*0. 348 2 ]' 2 ' 5 = 0.9058 

P c = 0.9058 x 1000 = 906 kPa 

E 
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15.43 

To what pressure should the steam in problem 15.40 expand to reach Mach one? 
Use constant specific heats to solve. 

Find stagnation properties 

T 0 = Tj + Vf/2C p = 573.15 K + 15 2 (m/s) 2 /(2 x 1872 J/kgK) = 573.21 K 

vkv i 'i 4.058 

P 0 = P 1 (Tq/T^- 1 ) = 1800 kPa (573.21/573.15) = 1800.765 kPa 

From Eq. 15.35 we get (k= 1.327) 

k - 1 9 — k/(k— 1) -4.058 

P = P 0 [1 + — M 2 ] = 1800.765 kPa[l +0.1635] =974kPa 
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15.44 

A jet plane travels through the air with a speed of 1000 km/h at an altitude of 6 
km, where the pressure is 40 kPa and the temperature is -12°C. Consider the inlet 
diffuser of the engine where air leaves with a velocity of 100 m/s. Determine the 
pressure and temperature leaving the diffuser, and the ratio of inlet to exit area of 
the diffuser, assuming the flow to be reversible and adiabatic. 

V = 1000 km/h = 277.8 m/s, V| = RT/P = 0.287 x 261.15/40 = 1.874 m 3 /kg 
hj = 261.48 kJ/kg, 

h ol = 261.48 + 277.8 2 /2000 = 300.07 kJ/kg 

=> T = 299.7 K, 

Ol 

P = P, (T ,/T 1 ) k/(k_1) = 40 x (299.7/261. 15) 3 ' 5 = 64.766 kPa 

h 2 = 300.07 - 100 2 /2000 = 295.07 kJ/kg => T, = 294.7 K, 

P = P , (T /T = 64.766 x (294.7/299.7) 3 - 5 = 61 kPa 

2 ol v 2 or v 7 

v 2 = RT 2 /P 2 = 0.287 kJ/kg-K x 294.7 K/61 kPa = 1.386 m 3 /kg 
A,/A 2 = ( v 1 /v 2 )(V 2 /V 1 ) = (1.874/1.386)(100/277.8) = 0.487 
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15.45 

Air flows into a convergent-divergent nozzle with an exit area of 1.59 times the 

throat area of 0.005 m 2 . The inlet stagnation state is 1 MPa, 600 K. Find the 
backpressure that will cause subsonic flow throughout the entire nozzle with M = 
1 at the throat. What is the mass flow rate? 


This corresponds to case c and is a reversible flow. 

A E /A* = 1.59 Look at top in Table A. 12 (M < 1) 

M =0.4 and P c /P =0.8956 

E E o 


P c = 0.8956 P = 0.8956 x 1000 kPa = 896 kPa 

E o 


To find the mass flow rate we have the maximum flow rate from Eq. 15.42, 

k + 1 — (k+ 1 )/2(k— 1 ) 


m = A* P oA /k/RTo x [~ 2 ~] 


= 0.005 x 1000 x 1000 N ^1-4/(0.287 x 600 x 1000) s/m x 1.2 2 ' 4/ °' 8 
= 8.25 kg/s 

Notice kPa must be converted to Pa and also units for RT [kJ/kg = 1000 (m/s) ] 
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15.46 

A nozzle is designed assuming reversible adiabatic flow with an exit Mach 
number of 2.8 while flowing air with a stagnation pressure and temperature of 2 
MPa and 150°C, respectively. The mass flow rate is 5 kg/s, and k may be assumed 
to be 1.40 and constant. Determine the exit pressure, temperature, exit area, and 
the throat area. 


Since M_ = 2.8 we must have choked flow with M = 1, then the mass flow rate 
E 

is maximum and follows Eq. 15.42 

. * k + 1 — (k+l)/2(k— 1) 

m/A =P 0 ^x[ T ] 


= 2000 x 1000 N/m 2 y/ 1 .4/(0.287 x 423.15 x 1000) s/m x 1.2 


-2. 4/0. 8 


= 3929.72 kg/s-m 


2 


A* = m / (3929.72 kg/sm 2 ) = (5 / 3929.72) m 2 = 1.272 x 10' 3 m 2 
From Table A. 12: M =2.8: T c /T =0.38941, P c / P= 0.036848 

Jb Jb o n, 

A e = A* (A e /A*) = 1.272 X 10' 3 X 3.5001 = 4.452 x 10' 3 m 2 
T = T (T„ / T ) = 423.15 K x 0.38941 = 164.8 K 

E o v E o 7 

P E = p 0 (P E / p 0 ) = 2000 kPa X 0.036848 = 73.7 kPa 
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15.47 

An air flow at 600 kPa, 600 K , M = 0.3 flows into a convergent-divergent nozzle 
with M = 1 at the throat. Assume a reversible flow with an exit area twice the 
throat area and find the exit pressure and temperature for subsonic exit flow to 
exist. 


To find these properties we need the stagnation properties from the inlet state 
From Table A. 12: M;=0.3: P/P =0.93947, T/T =0.98232 

1 1 O 1 O 

P = 600 kPa/ 0.93947 = 638.66 kPa, T = 600 YU 0.98232 = 610.8 K 

O O 

This flow is case c in Figure 15.13. From Table A. 12: A^/A = 2 

P c /P =0.9360, T /T =0.98127 

E o E o 

P c = 0.9360 P = 0.936 x 638.66 kPa = 597.8 kPa 

E o 

T_ = 0.98127 T = 0.98127 x 610.8 K = 599.4 K 

E o 
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15.48 


Air at 150 kPa, 290 K expands to the atmosphere at 100 kPa through a convergent 

nozzle with exit area of 0.01 m Assume an ideal nozzle. What is the percent 
error in mass flow rate if the flow is assumed incompressible? 

P e k-l 

T e = Tj (y) k = 258.28 K 


Vg/2 = ^ - h e = C p (Tj - T e ) = 1.004 (290 - 258.28) = 31.83 kJ/kg 

RT e 0.287 x 258.28 a 

V e = 252.3 m/s; v e = ^- = ^ = 0.7412 m 3 /kg 


0.01 x 252.3 

m = AV e / v e = ^13 = 34 k § /s 


Incompressible Flow: Vi = RT/P = 0.287 x 290/150 = 0.55487 m 3 /kg 
Vl/2 = v AP = v. (Pi - P e ) = 0.55487 (150 - 100) = 21.1 A kJ/kg 


=> V e = 235 m/s => m = AV e /v.= 0.01 x 235 / 0.55487 = 4.23 kg/s 
^incompressible 4.23 

= = 1.25 about 25 % overestimation. 

^compressible 
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15.49 

Find the exit pressure and temperature for supersonic exit flow to exist in the 
nozzle flow of Problem 15.47. 

We assume a reversible as the possibility which is case d in Figure 15.13. 

To find these properties we need the stagnation properties from the inlet state 
From Table A. 12: M; = 0.3: P/P =0.93947, T/T =0.98232 

1 1 O 1 O 

P = 600 kPa/ 0.93947 = 638.66 kPa, T = 600 K/ 0.98232 = 610.8 K 

O O 

From Table A. 12: AJA* = 2, P c /P =0.09352, T /T =0.50813 

Jb Jb o Jb o 

P c = 0.09352 P = 0.09352 x 638.66 = 59.7 kPa 

E o 

T k = 0.50813 T = 0.50813 x 610.8 = 310.4 K 

E o 

This is significant lower P and T, but then we also have M = 2.2 
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15.50 

Air is expanded in a nozzle from a stagnation state of 2 MPa, 600 K to a 

2 

backpressure of 1.9 MPa. If the exit cross-sectional area is 0.003 m , find the 
mass flow rate. 

This corresponds to case c and is a reversible flow. 

P c /P =1.9/2.0 = 0.95 => Table A. 12: M= 0.268 

E ox E 

T = (T/T ) T = 0.9854 x 600 = 591.2 K 

E v o 7 E o 

c E = ^jkKT E = -y/l.4 X 1000 X 0.287 x 591.2 = 487.4 m/s 
V c = M e = 0.268 x 487.4 = 130.6 m/s 

E EE 

v E = RT/P = 0.287 kJ/kg-K x 591.2 K/1900 kPa = 0.0893 m 3 /kg 
m = A e V e /v e = 0.003 m 2 x 130.6 (m/s)/0.0893 m 3 /kg = 4.387 kg/s 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


15.51 

A 1-m 3 insulated tank contains air at 1 MPa, 560 K. The tank is now discharged 
through a small convergent nozzle to the atmosphere at 100 kPa. The nozzle has 

an exit area of 2 x 10 -5 m-. 

a. Find the initial mass flow rate out of the tank. 

b. Find the mass flow rate when half the mass has been discharged. 

a. The back pressure ratio: 

P c /P , = 100/1000 = 0.1 < (P*/P = 0.5283 

B ol v o cnt 

so the initial flow is choked with the maximum possible flow rate. 

M = 1 ; P = 0.5283 x 1000 = 528.3 kPa 

Jb Jb 

T = T* = 0.8333 x 560 K = 466.7 K 

E 

V E = c = VkRT* = vjl.4 x 1000 x 0.287 x 466.7 = 433 m/s 

v E = RT*/P e = 0.287 kJ/kg-K x 466.7 K/528.3 kPa = 0.2535 m 3 /kg 

m 1 = AV e /v e = 2xl0- 5 m 2 x 433 (m/s)/0.2535 m 3 /kg = 0.0342 kg/s 

b. The initial mass is 

m : = P 1 V/RT 1 = 1000 x 1/(0.287 x 560) = 6.222 kg 
with a mass at state 2 as nx, = rr^/2 = 3.1 1 1 kg. 

Assume an adiabatic reversible expansion of the mass that remains in the tank. 
P 2 = P^v/v/ = 100 x 0.5 1 ' 4 = 378.9 kPa 

T 2 = T | (v | /v 2 ) k_l = 560 x 0.5 0 ' 4 = 424 K 
The pressure ratio is still less than critical and the flow thus choked. 

P B / p 0 2 = 100/378.9 = 0.264 < ( p */ p o )crit 

M = 1 ; P = 0.5283 x 378.9 = 200.2 kPa 

Jb Jb 

T = T* = 0.8333 x 424 = 353.7 K 

E 

V E = c = VkRT* = yjlAx 1000 x 0.287 x 353.7 = 377 m/s 

2x10' 5 (377)(200.2) 

m 2 - AV e P e /RT e _ 0.287(353.7) _ 0.0149 kg/s 

We could also have found the two mass flow rates from Eq. 15.42 without 
finding the exit plane conditions. 
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15.52 


A convergent-divergent nozzle has a throat diameter of 0.05 m and an exit 
diameter of 0.1 m. The inlet stagnation state is 500 kPa, 500 K. Find the back 
pressure that will lead to the maximum possible flow rate and the mass flow rate 
for three different gases as: air; hydrogen or carbon dioxide. 


There is a maximum possible flow when M = 1 at the throat, 
2 * 2 _L * 2 — 

~ ~ =P " ( kTI )k - 1; p =P^^T) k ' 1 


* 

T = 


T 

k+1 o' 


O 


O 


k+1 


m = p*A*V = p*A*c = P*A%/k/RT* 
A* = 7tD 2 /4 = 0.001963 nr 


a) 

b) 

c) 


k 

T 

P 

c 

T* 

P 

m 

1.400 

416.7 

264.1 

448.2 

2.209 

1.944 

1.409 

415.1 

263.4 

1704.5 

0.154 

0.515 

1.289 

436.9 

273.9 

348.9 

3.318 

2.273 


A /A* 

E 

in Fig. 


= (D /D ) = 4. There are 2 possible solutions corresponding to points c and d 


15.13 and Fig. 15.17. For these we have 


a) 

b) 

c) 


Subsonic solution Supersonic solution 


M c 

PJP 

M c 

P L /P 

E 

E o 

E 

E o 

0.1466 

0.985 

2.940 

0.0298 

0.1464 

0.985 

2.956 

0.0293 

0.1483 

0.986 

2.757 

0.0367 



= P E = 0.985 x 500 = 492.5 kPa all cases point c 
P B = P E = 0.0298 x 500 = 14.9 kPa, point d 
P B = P E = 0.0293 x 500 = 14.65 kPa, point d 
Pg = P E = 0.0367 x 500 = 18.35 kPa, point d 
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15.53 

Air is expanded in a nozzle from a stagnation state of 2 MPa, 600 K, to a static 
pressure of 200 kPa. The mass flow rate through the nozzle is 5 kg/s. Assume the 
flow is reversible and adiabatic and determine the throat and exit areas for the 
nozzle. 



P =P 


O 


T = 



k-1 

0.5283 

2 

X , . 

_ 


v = 


o K+l 

RT*/P* = 0.287 X 500/1056 


= 0.1359 m 3 /kg 


The critical speed of sound is 

c* = VkRT* = V L4x 1000x0.287 x 500 = 448.2 m/s 

A* = mv*/c* = 5 x 0.1359/448.2 = 0.00152 m 2 

P,/P =200/2000 = 0.1 => M* = 1.701 = XJc* 

2 o 2 2 

We used the column in Table A. 12 with mach no. based on throat speed of sound. 
V 2 = 1.701 x 448.2 = 762.4 m/s 

T = T (T /T ) = 600 x 0.5176 = 310.56 K 

2 o v 2 o 7 

v 2 = RT,/P 2 = 0.287 kJ/kg-K x 310.56 K/200 kPa = 0.4456 m 3 /kg 
A 9 = mv 2 /V 2 = 5 kg/s x 0.4456 (m 3 /kg) / 762.4 m/s = 0.00292 m 2 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 




Borgnakke and Sonntag 


15.54 

Air flows into a convergent-divergent nozzle with an exit area of 2.0 times the 

throat area of 0.005 m The inlet stagnation state is 1.2 MPa, 600 K. Find the 
backpressure that will cause a reversible supersonic exit flow with M = 1 at the 
throat. What is the mass flow rate? 


This flow is case d in Fig. 15. 17 the only reversible supersonic flow. 
A E /A* = 2 see Table A. 12 ( M >1) 

=> M =2.2 and P c /P =0.09399 

E E o 

P c = 0.09399 x 1200 = 112.8 kPa 

E 


Using Eq. 15.42 for the chocked flow rate 

l k + 1 — (k+ 1 )/2( k— 1 ) 

m = A P oA /k/RT 0 x[ — ] 

= 0.005 x 1200 x 1000 V 1-4/(0.287 x 600 x 1000) x 1.2~ 2 ' 4/ °' 8 

= 9.9 kg/s 

Notice kPa must be converted to Pa and also units for RT [kJ/kg = 1000 (m/s) ] 
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15.55 

What is the exit pressure that will allow a reversible subsonic exit flow in the 
previous problem? 

This flow is case c in Fig. 15. 17 (and c in Fig. 15.13) the only reversible subsonic 
flow with M = 1 at the throat. 

A E /A f = 2 see Table A. 12 (M < 1) 

P c /P =0.9360, T /T =0.98127 

E o E o 

P c = 0.9360 P = 0.936 x 1200 = 1123 kPa 

E o 

( T e = 0.98127 T 0 = 0.98127 x 600 = 588.8 K ) 
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15.56 

A flow of helium flows at 500 kPa, 500 K with 100 m/s into a convergent- 
divergent nozzle. Find the throat pressure and temperature for reversible flow and 
M = 1 at the throat. 


We need to find the stagnation properties first ( k = 1.667 ) 

T 0 = T j + Vj/2C p = 500 + 100 2 /(2 x 5193) = 500.963 K 
P o = p i (Tq/T^- 1 ) = 500 (500.963/500) 2 5 = 502.41 kPa 


From the analysis we get Eqs. 15.37-38 


P =P 


O 


^ 

T = T 


' 2 W< k -D f 

= 502.41 


k + 1 
2 


2.5 


0 k + 1 


= 500.963 x 


1.667 + 1 


a .667 + IJ 

= 375.7 K 


= 244.7 kPa 
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15.57 

Assume the same tank and conditions as in Problem 15.51. After some flow out 
the nozzle flow changes to become subsonic. Find the mass in the tank and the 
mass flow rate out at that instant. 


The initial mass is 

m 1 = P 1 V/RT 1 = 1000 x 1/(0.287 x 560) = 6.222 kg 

The flow changes to subsonic when the pressure ratio reaches critical. 
P c /P , = 0.5283 => P = 189.3 kPa 

B o3 o3 

Vl /v 3 = (P o3 /P 1 ) 1/k = (189.3/1000)° 7143 = 0.3046 
m 3 = m^/Vg = 6.222 x 0.3046 = 1.895 kg 


At this point the tank temperatures is (assuming isentropic expansion) 


.k-1 


T 3 = T 1 (v 1 /v 3 r _1 = 560 x 0.3046 0 ' 4 = 348 K 


p =p =100kPa; M = 1 

E B E 

T c = 0.8333 x 348 = 290 K ; 

E 


V E = 


2x10' 5 (341.4)(100) 
0.287(290) 


kRT= 341.4 m/s 

E 


m 3 = AV E P E /RT E = 


= 0.0082 kg/s 


We could have used Eq. 15.42 with P 0 = P q3 = 189.3 kPa, T 0 = T^ = 348 K 
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15.58 

A given convergent nozzle operates so it is choked with stagnation inlet flow 
properties of 400 kPa, 400 K. To increase the flow, a reversible adiabatic 
compressor is added before the nozzle to increase the stagnation flow pressure to 
500 kPa. What happens to the flow rate? 


T = T ( r 1 k 

A o new A o \fp J 


Since the nozzle is choked the mass flow rate is given by Eq. 15.42. The 

compressor changes the stagnation pressure and temperature. 

k-1 

Isentropic: P G new = P 0 r p and 

k+1 

P o new ! V T o new = ( r p) 2k [ P o 1 a/E1 

so the mass flow rate is multiplied with the factor 

kti fsooi— 

(r p )2k =[ — 12.8= 1.21 


400 
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15.59 


A 1-m 3 uninsulated tank contains air at 1 MPa, 560 K. The tank is now 
discharged through a small convergent nozzle to the atmosphere at 100 kPa while 
heat transfer from some source keeps the air temperature in the tank at 560 K. The 
nozzle has an exit area of 2 x 10 -5 m 2 . 


a. Find the initial mass flow rate out of the tank. 


b. Find the mass flow rate when half the mass has been discharged, 
a. The back pressure ratio: 

P c /P , = 100/1000 = 0.1 < (P*/P ) - t = 0.5283 
B ol v o cnt 

so the initial flow is choked with the maximum possible flow rate given in 
Eq. 15.42 


k + 1 — (k+ 1 )/2(k— 1 ) 


m = A* P 0 ^k/RT () x [ — ] 

= 2 x 10-5 x 1 x 10 6 V i .4/(0.287 x 560 x 1000) x 1.2 

= 0.034 kg/s 


-2. 4/0. 8 


b. The initial mass is 

mj = P 1 V/RT 1 = 1000 x 1/(0.287 x 560) = 6.222 kg 

with a mass at state 2 as m, = nij/2 = 3.111 kg. 

P, = P i /2 = 500 kPa ; T 2 = Tj ; Pg/P 2 = 100/500 = 0.2 < (P*/P Q ) crit 

The flow is choked and the mass flow rate is similar to the previously stated 
one but with half the stagnation pressure (same stagnation temperature): 


m 2 = A* P 0 xJk/RT 0 x [ — ] 


k + 1 -(k+l)/2(k-l) 


= m / 2 = 0.017 kg/s 
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15.60 

Assume the same tank and conditions as in Problem 15.59. After some flow out 
the nozzle flow changes to become subsonic. Find the mass in the tank and the 
mass flow rate out at that instant. 

The initial mass is 

m : = PjV/RTj = 1000 x 1/(0.287 x 560) = 6.222 kg 

Flow changes to subsonic when the pressure ratio reaches critical. 

P c /P , = 0.5283 ; P = P = P c /0.5283 = 100/0.5283 = 189.3 kPa 

B o3 3 o3 B 

m 3 = m 1 P 3 /P 1 = 1.178 kg ; 

T = T 

3 l 

T = T* = 0.8333 X 560 = 466.7 K, P c = P R = 100 kPa 

b b d 

V E = c = VkRT* = ^1.4 x 1000 x 0.287 x 466.7 = 433 m/s 

2x10' 5 (433)(100) 

m 3 _ AV e P e /RT e “ 0.287(466.7) “ 0.00646 kg/s 

Flow is critical so we could have used Eq. 15.42 with P 0 = 189.3 kPa, T 0 = 560 K 
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Normal Shocks 
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15.61 

The products of combustion, use air, enter a convergent nozzle of a jet engine at a 
total pressure of 125 kPa, and a total temperature of 650°C. The atmospheric 
pressure is 45 kPa and the flow is adiabatic, with a rate of 25 kg/s. Determine the 
exit area of the nozzle. 


The critical pressure Table 15.1: P cr j t = P 2 = 125 x 0.5283 = 66 kPa > P amb 

The flow is then choked with M = 1 at the exit and a pressure drop outside of the 
nozzle. 

T 2 = 923.15 x 0.8333 = 769.3 K 

V 2 = c 2 = Vl- 4 x 1000 X 0.287 X 769.3 = 556 m/s 

v 2 = RT 2 /P 2 = 0.287 x 769.3/66 = 3.3453 m 3 /kg 

A 2 = mv 2 / V 2 = 25 x 3.3453/556 = 0.1504 m 2 
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15.62 

Redo the previous problem for a mixture with k = 1.3 and molecular mass of 31. 

The critical pressure Table 15.1: P cr j t = P 2 = 125 x 0.5457 = 68.2 kPa > 

The flow is then choked. T 2 = 923.15 x 0.8696 = 802.8 K 
The gas constant is R = 8.31451 / 31 = 0.2682 kJ/kg-K 

V 2 = c 2 = Vl-3 x 1000 x 0.2682 x 802.8 = 529 m/s 
v 2 = RT 2 /P 2 = 0.2682 x 802.8/68.2 = 3.157 m 3 /kg 

A 2 = mv 2 / V 2 = 25 x 3.157/529 = 0.149 m 2 
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15.63 

At what Mach number will the normal shock occur in the nozzle of Problem 
15.52 flowing with air if the back pressure is halfway between the pressures at c 
and cl in Fig. 15.17? 

First find the two pressures that will give exit at c and d. See solution to 15.52 

a) 

A e /A* = (D e /D*) 2 = 4 => 

For case c: P c = 492.5 kPa For case d: P c = 14.9 kPa 

Jb lb 

Actual case: P E = (492.5 + 14.9)/2 = 253.7 kPa 

Assume M„ = 2.4 => M =0.5231; P /P =0.54015 

x y oy ox 

A /A* = 2.4031; A /A* = 1.298 

xx x y 

Work backwards to get P E : 

A /A* = (A /A*) (A /A*) / (A /A*) = 4 x 1.298/2.4031 = 2.1605 

E y v E x' v x y' v x x' 

=> M = 0.2807; P c /P =0.94675 

E E oy 

P E = (P E /P oy ) (P 0 y/P 0 x) P ox = 0.94675 x 0.54015 x 500 = 255.7 kPa 

Repeat if M x = 2.5 => P E = 233.8 kPa 

Interpolate to match the desired pressure => M x = 2.41 
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15.64 

Consider the nozzle of Problem 15.53 and determine what back pressure will 
cause a normal shock to stand in the exit plane of the nozzle. This is case g in Fig. 
15.17. What is the mass flow rate under these conditions? 

We assume reversible flow up to the shock 

Table A.12: P c /P = 200/2000 = 0.1 ; M = 2.1591 = M 

E o E x 

Shock functions Table A. 13: M =0.5529; P /P =5.275 

y y x 

P D = P = 5.275 x P = 5.275 x 200 = 1055 kPa 

By x 

m = 5 kg/s same as in Problem 15.53 since M = 1 at throat. 
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15.65 

A normal shock in air has upstream total pressure of 500 kPa, stagnation 
temperature of 500 K and M x = 1.4. Find the downstream stagnation pressure. 

From the normal shock relations in Section 15.8 found in Table A. 13 we get 
M y = 1.4: P /P =0.95819 

o y o x 

P =0. 95819 P =0. 95819 x 500 = 479.1 kPa 

o y ox 

Remark: The stagnation temperature would be unchanged (energy equation). 
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15.66 


How much entropy per kg flow is generated in the shock in Example 15.9? 


The change in entropy is 

T P 

®gen — — Cp 111 .j, — R In p 

X X 

= 1.004 In 1.32 -0.287 In 2.4583 
= 0.27874 - 0.25815 = 0.0206 kj/kg K 
Notice that this function could have been tabulated also as 


S ger/R k . ] 


T 

L y 

In nn — In 




T 


X 


X 
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15.67 

Consider the diffuser of a supersonic aircraft flying at M = 1.4 at such an altitude 
that the temperature is -20°C, and the atmospheric pressure is 50 kPa. Consider 
two possible ways in which the diffuser might operate, and for each case calculate 
the throat area required for a flow of 50 kg/s. 

a. The diffuser operates as reversible adiabatic with subsonic exit velocity. 

b. A normal shock stands at the entrance to the diffuser. Except for the normal 
shock the flow is reversible and adiabatic, and the exit velocity is subsonic. 
This is shown in Fig. P15.67. 


a. 


Assume a convergent-divergent diffuser with M = 1 at the throat. Remember 
that for the supersonic flow the convergent front will reduce the velocity. 

Relate the inlet state to the stagnation state state table A. 12 with M = 1.4: 

P/P Q = 0.31424 => P Q = 50 kPa / 0.31424 = 159.11 kPa 

T/T q = 0.71839 => T q = 253.15 K 7 0.71839 = 352.385 K 


The maximum flow rate for chocked flow from Eq. 15.42 

, k + 1 — (k+ 1 )/2(k— 1 ) 

m/A = P oA /k/RT 0 x [~ 2 ~] 

= 159.11 x 10 3 V 1.4/(0.287 x 253.15 x 1000) x 1.2 


-2. 4/0. 8 


= 342.59 kg/sm 2 

A* = m 7342.59 kg/sm 2 = 0.1459 m 2 


b. Across the shock we have, M x =1.4 so from Table A. 13 
M y = 0.7397; P oy /P ox = 0.95819 ; 

The stagnation properties after the shock are: 

T = T =253.15/0.71839 = 352.385 K (as before) 

P oy = P ox x 0.95819 = (50 kPa / 0.31424) x 0.95819 = 152.46 kPa 
Only the stagnation pressure changed due to the shock so Eq. 15.42 gives 

m/A* = 0.95819 x 342.59 kg/sm 2 = 328.266 kg/sm 2 

A* = m 7328.266 kg/sm 2 = 0.1523 m 2 
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15.68 

A flow into a normal shock in air has a total pressure 400 kPa, stagnation 
temperature of 600 K and M x = 1.2. Find the upstream temperature T x , the 

specific entropy generation in the shock and the downstream velocity. 
From Table A. 12: M= 1.2 has T v /T =0.7764, P v /P =0.41238 

A A q / A q 

T Y = 0.7764 T = 0.7764 x 600 K = 465.84 K 

A O 

From Table A.13: T y /T Y = 1.128, P y /P Y = 1.5133, M y = 0.84217 
The change in entropy is 

T P 

s gen = S y - s x = C p In R In ^ 

X X 

= 1.004 In 1.128 - 0.287 In 1.5133 
= 0.12093 - 0.11890 = 0.00203 kj/kg K 
From the shock relations we had 

T y = 1.128 T y = 1.128 x 465.84 K = 525.47 K 

V y = My c y = M y yj kRT y = 0.84217 -^1.4 x 0.287 x 525.47 x 1000 
= 0.84217 x 459.49 = 387 m/s 
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15.69 

Consider the nozzle in problem 15.42 flowing helium. What should the 
backpressure be for a normal shock to stand at the exit plane? This is case g in 
Fig. 15. 17. What is the exit velocity after the shock? 


Reversible flow up to the shock with M = 1 at the throat, 
p = P , T = T , A /A* = 175 / 100 = 1.75 

x o oxo o E 

As we do not have a Table 12 made for helium ( k = 5/3 = 1 .667) we need to use 
the formulas. The area to M relation is given in Eq. 15.43 so 

A /A* = 1.75 = (1/M x ) [^y(l + (1/3)M^)] 2 = [3 + M 2 f /16 M x 

There are two solutions and we need the one with M >1, see fig 15.10 we should 

X 

expect a solution around M x = 2. With trial and error on 

3 + M x = f 16 x 1.75 M x which gives M x = 2.2033 
Now we can do the normal shock from Eq. 15.53 

2 2.2033 2 + 3 

M =2.2033 => M = x = 0.3375, 

x y 5 X 2.2033 2 - 1 


The temperature ratio from Eq. 15.49 and the T from Eq. 15.34: 

X 

2 


T = T 


1 + 0.5(k-l) M 


X 


T 


X o 


375 


y x 1 + 0.5(k-l) M 2 1 + 0.5(k-l) M 2 1 + °-333x0.3375 


= 337.1 


K 


V y = My c y = M y \] kRJ y = ^0.3375 x -y/l.667 X 2.0771 x 337.1 x 1000 
= 0.58095 x 1080.4 = 627.6 m/s 
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15.70 

Find the specific entropy generation in the shock of the previous Problem. 

Reversible flow up to the shock with M = 1 at the throat, 
p = P , T = T , A /A* = 175 / 100 = 1.75 

x o oxo o E 

Table A. 12: M c = M = 2.042, P /P =0.12, T/T =0.5454 

E x xox xox 

Now we can do the normal shock from Table A. 13 
M =2.042 => M 

X 

The change in entropy is 

c = 

13 gen 


= 0.5704, P /P =4.6984, T/T =1.7219 

/ y x y X 


T P 

s y - s x = C p In f - R In f 

y F 1 X *x 

1.004 In 1.7219 - 0.287 In 4.6984 
0.5456 - 0.44405 = 0.1015 kj/kg K 
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Nozzles, Diffusers, and Orifices 
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15.71 

Steam at 600 kPa, 300°C is fed to a set of convergent nozzles in a steam turbine. 
The total nozzle exit area is 0.005 m 2 and they have a discharge coefficient of 
0.94. The mass flow rate should be estimated from the measurement of the 
pressure drop across the nozzles, which is measured to be 200 kPa. Determine the 
mass flow rate. 


Inlet B. 1.3 h. = 3061.6 kJ/kg, s. = 7.3724 kJ/kg K 

Exit: (P , s ) P =P. -200 = 400kPa, s = s. = 7.3724 kJ/kg K 

v e e,s' e i e,s 1 ° 

=> h =2961 kJ/kg and v = 0.5932 m 3 /kg, 

e,s e,s 

V =\jlx 1000(3061.6 - 2961) = 448.55 m/s 
m = AV /v = 0.005 x 448.55/0.5932 = 3.781 kg/s 

s e,s e,s ° 

m = C„m = 0.94 x 3.781 = 3.554 kg/s 

a D s ^ 
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15.72 

Air enters a diffuser with a velocity of 200 m/s, a static pressure of 70 kPa, and a 
temperature of -6°C. The velocity leaving the diffuser is 60 m/s and the static 
pressure at the diffuser exit is 80 kPa. Determine the static temperature at the 
diffuser exit and the diffuser efficiency. Compare the stagnation pressures at the 
inlet and the exit. 


Stagnation T at the inlet 

T ol = + V 2 /2C p = 267.15 + 200 2 /(2000 x 1.004) = 287.1 K 

Energy Eq. gives the same stagnation T at exit 

T o2 = T 0 1 => X 2 = T o2 ■ V ? /2C = 2 87 - 1 - 60 2 /(2000 X 1.004) = 285.3 K 


T oi - T i k-l p 0 i" P i 


T 


k P 


rP o2 ~ T 2 _ k - 1 P o2 " P 2 

T„ _ k P ‘ 


P . - P. = 18.25 

Ol 1 


=* P o2- P 2 =P77 


P , = 88.3 kPa 

Ol 


P =81.8kPa 

o2 


.ex 


T7 = T, (P ^P ) k_ 1/k = 267.15 X 1.0454 = 279.3 K 


hn = 


gX 

T S - T 1 279.3 - 267.15 


D — T -T, ~~ 287.1 - 267.15 

ol 1 


= 0.608 
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15.73 

Repeat Problem 15.44 assuming a diffuser efficiency of 80%. 

V = 1000 km/h = 277.8 m/s, V| = RT/P = 0.287 x 261.15/40 = 1.874 m 3 /kg 
hj = 261.48 kJ/kg, 

h ol = 261.48 + 277.8 2 /2000 = 300.07 kJ/kg 

=> T = 299.7 K, 

Ol 

P = P, (T ,/T,) k/fk - |) = 40 x (299.7/261. 15) 3 ' 5 = 64.766 kPa 

ol 1 v ol V v 


Same as problem 15.44, except 
r| D = 0.80. We thus have from 15.44 

hg-hj h 3 - 261.48 

h,-h, = 300.07 - 261.48 = °' 8 

ol 1 

=> h 3 = 292.35 kJ/kg, T 3 = 291.9 K 

P = p = p (T IT \k/(k-l) 
o2 3 1 v 3 F 

= 40 (291.9/261.15) 3 5 = 59.06 kPa 



T = T = 299.7 K 

o2 ol 

h 2 = 300.07 - 100 2 /2000 = 295.07 kJ/kg => T 2 = 294.7 K, 
P 2 = p 0 , (T 2 /T 0 1 ) k/fk "‘ 3 = 59.06 X (294.7/299.7) 3 ' 5 = 55.68 kPa 

v 2 = RT 2 /P 2 = 0.287 x 294.7/55.68 = 1.519 m 3 /kg 
A,/A 2 = (v 1 /v 2 )(V 2 /V 1 ) = (1.874/1.519) (100/277.8) = 0.444 
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15.74 

A sharp-edged orifice is used to measure the flow of air in a pipe. The pipe 
diameter is 100 mm and the diameter of the orifice is 25 mm. Upstream of the 
orifice, the absolute pressure is 150 kPa and the temperature is 35°C. The pressure 
drop across the orifice is 15 kPa, and the coefficient of discharge is 0.62. 
Determine the mass flow rate in the pipeline. 


AT = T 


fk-HAP 0.4 15 

= 308.15 x 77 x 777= 8.8 K 


k J P. 


V K J 


1.4 150 


v. = RT./P. = 0.5896 m J /kg 
111 ° 


P = 135 kPa, T = 299.35 K, v = 0.6364 m 3 /kg 


m. = m => V / V = (D /D.) 2 v./v = 0.0579 

i e l e v e r l e 

h. - h = V 2 (l - 0.0579 2 )/2 = C (T. - T ) 

i e e v p v l e 

= a/2 x 1000 x 1.004 x 8. 8/(1 - 0.0579) 2 = 133.1 m/s 

0 S 

m = C D AV/v = 0.62 (tt/4) (0.025) 2 133.1 / 0.6364 = 0.06365 kg/s 
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15.75 

A critical nozzle is used for the accurate measurement of the flow rate of air. 
Exhaust from a car engine is diluted with air so its temperature is 50°C at a total 
pressure of 100 kPa. It flows through the nozzle with throat area of 700 mm- by 
suction from a blower. Find the needed suction pressure that will lead to critical 
flow in the nozzle and the mass flow rate. 

P* = 0.5283 P = 52.83 kPa, T* = 0.8333 T = 269.3 K 

O O 

v* = RT*/P* = 0.287 x 269.3/52.83 = 1.463 m 3 /kg 
c* = VkRT* = ^1.4 x 1000x 0.287 x 269.3 = 328.9 m/s 

m = Ac*/v* = 700 x 10' 6 x 328.9/1.463 = 0.157 kg/s 
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15.76 

Air is expanded in a nozzle from 700 kPa, 200°C, to 150 kPa in a nozzle having 
an efficiency of 90%. The mass flow rate is 4 kg/s. Determine the exit area of the 
nozzle, the exit velocity, and the increase of entropy per kilogram of air. Compare 
these results with those of a reversible adiabatic nozzle. 


T 2s = T^/Pj)^' 1 ^ = 473.2 (150/700) 0 ' 286 = 304.6 K 
V, s 2 = 2 x 1000 x 1.004(473.2 - 304.6) = 338 400 J/kg 
V, 2 = 0.9 x 338 400 nr/s 2 => V 9 = 552 m/s 
h_ + V 2 /2 = h. => T = T. - V 2 /2C 

2 2 1 2 1 2 p 

T 2 = 473.2 - 552 2 /(2 x 1000 x 1.004) = 321.4 K ; 

v 2 = RT/P = 0.287 kJ/kg x 321.4 K/150 kPa = 0.6149 m 3 /kg 


A 9 = m v 1 /X 1 = 4 kg/s x 0.6149 m 3 /kg /(552 m/s) = 0.00446 nr = 4460 mm 



1.0035 In 


/321.43 

1473.2J 


- 0.287 In 


15 0) 

700j 


= 0.0539 kJ/kg K 
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15.77 

Steam at a pressure of 1 MPa and temperature of 400°C expands in a nozzle to a 
pressure of 200 kPa. The nozzle efficiency is 90% and the mass flow rate is 10 
kg/s. Determine the nozzle exit area and the exit velocity. 

First do the ideal reversible adiabatic nozzle 

s 2s = Sj= 7.4651 kJ/kg K, hj= 3263.9 kJ/kg 

=> T„ s = 190.4°C ; h 2s = 2851 kJ/kg 

Now the actual nozzle can be calculated 

hj - h 2ac = ri D (h 1 - h 9s ) = 0.9(3263.9 - 2851) = 371.6 kJ/kg 

h 2ac = 2892.3 kJ/kg, T o = 210.9°C, v 9 = 1.1062 m 3 /kg 

V 2 = ^2000(3263.9 - 2892.3) = 862 m/s 

A. = mv 9 /V 9 = 10 kg/s x 1.1062 m 3 /kg /(862 m/s) = 0.01283 m 2 
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15.78 

Steam at 800 kPa, 350°C flows through a convergent-divergent nozzle that has a 
throat area of 350 mm 2 . The pressure at the exit plane is 150 kPa and the exit 
velocity is 800 m/s. The flow from the nozzle entrance to the throat is reversible 
and adiabatic. Determine the exit area of the nozzle, the overall nozzle efficiency, 
and the entropy generation in the process. 

h ol = 3161.7 kJ/kg, s ol = 7.4089 kJ/kg K 

P*/P ol = (2/(k+l)) k/(k_l ) = 0.54099 => P* = 432.7 kPa 

At *: (P*,s* = s ol ) => h* = 2999.3 kJ/kg, v* = 0.5687 m 3 /kg 

A h = V 2 /2 => V* =^2000(3161.7-2999.3) = 569.9 m/s 

m = AV*/v* = 350 x 10' 6 x 569.9/0.5687 = 0.3507 kg/s 
h = h , - V 2 /2 = 3161.7 - 800 2 /2 x 1000 = 2841.7 kJ/kg 

Exit: P , h : v = 1.395 m 3 /kg, s =7.576 kJ/kg K 

6 6 6 6 

A = mv /V = 0.3507 x 1.395/800 = 6.115 x 10' 4 m 2 

e e e 

S = S - s = 7.576 - 7.4089 = 0.167 kJ/kg K 

gen e o 1 ° 
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15.79 

A convergent nozzle with exit diameter of 2 cm has an air inlet flow of 20°C, 101 
kPa (stagnation conditions). The nozzle has an isentropic efficiency of 95% and the 
pressure drop is measured to 50 cm water column. Find the mass flow rate 
assuming compressible adiabatic flow. Repeat calculation for incompressible flow. 


Convert AP to kPa: 

AP = 50 cm H 2 0 = 0.5 x 9.8064 = 4.903 kPa 


T f) = 20°C = 293.15 K 
Assume inlet V. = 0 


P e >-1 


P 0 = 101 kPa 


P = P_ - AP = 101 - 4.903 = 96.097 kPa 

e 0 


w 96.097 n ? oc 7 

= T () (p=) k = 293.15 x ( 1A1 )°- 2857 = 289.01 


o 


101 


Y z /2 = h. - h =C (T. - T ) = 1.004 x (293.15 - 289.01) 

e i e p i e 


= 4.1545 kJ/kg = 4254.5 J/kg 


=> V =91.15 m/s 


V 2 /2 = ri V 2 /2 = 0.95 x 4154.5 = 3946.78 

e ac 1 e s 

V eac /2 3.9468 

T = T. - 7 ; — = 293.15 - TTvyjT = 289.2 K 
eac 1 C 1.0035 


V = 88.85 m/s 

e ac 


96.097 ; 

p e ac RT p 0.287 x 289.2 1-158 kg/m 


m = pAV = 1.158 kg/m 3 x | x 0.02 2 m 2 x 88.85 m/s = 0.0323 kg/s 


For incompressible flow: 


RT 


Y l /2 = (P. - P )v = (P. - P ) — = 4.903 kPa x 

0 1C 10 . 


0.287 kJ/kg-K 293.15 K 
101 kPa 


= 4.903x 0.833 kJ/kg = 4.084 kJ/kg = 4084 J/kg 
V 2 /2 = r| V 2 /2 = 0.95 x 4084 = 3880 J/kg =^V = 88.09 m/s 

e ac 1 e s ° e ac 

m = pAV = (1/0.833) kg/m 3 x | x 0.02 2 m 2 x 88.09 m/s = 0.0332 kg/s 
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15.80 

The coefficient of discharge of a sharp-edged orifice is determined at one set of 
conditions by use of an accurately calibrated gasometer. The orifice has a 
diameter of 20 mm and the pipe diameter is 50 mm. The absolute upstream 
pressure is 200 kPa and the pressure drop across the orifice is 82 mm of mercury. 
The temperature of the air entering the orifice is 25 °C and the mass flow rate 
measured with the gasometer is 2.4 kg/min. What is the coefficient of discharge 
of the orifice at these conditions? 

AP = 82 x 101.325/760 = 10.93 kPa 

AT = T. ( 77 -) AP/P. = 298.15 x 77 x 10.93/200 = 4.66 
i V k J i 1.4 

v. = RT./P. = 0.4278 m 3 /kg, v = RT /P = 0.4455 m 3 /kg 
V. =VAv./A.v = 0.1536 V 

i e e i i e e 

(V 2 - V 2 )/2 = V 2 (l - 0.1536 2 )/2 = h. - h = C AT 

v e r e v l e p 

V = V 2 x 1000 x 1-004 x 4. 66/(1 - 0.1536 2 ) = 97.9 m/s 
m = A V /v = f x 0.02 2 x 97.9/0.4455 = 0.069 kg/s 

S 0 0 0 

C D = m/m = 2. 4/(60 x 0.069) = 0.58 
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15.81 

A convergent nozzle is used to measure the flow of air to an engine. The 
atmosphere is at 100 kPa, 25°C. The nozzle used has a minimum area of 2000 
mm- and the coefficient of discharge is 0.95. A pressure difference across the 
nozzle is measured to 2.5 kPa. Find the mass flow rate assuming incompressible 
flow. Also find the mass flow rate assuming compressible adiabatic flow. 

Assume V. = 0, v. = RT./P. = 0.287 x 298. 15/100 = 0.8557 m 3 /kg 
1111 ° 

Incompressible flow: 

V 2 12 = h. - h =v.(P. -P ) = 2.1393 kJ/kg 

e,s l e,s i v l e ° 

V =a/2 x 1000 x 2.1393 = 65.41 m/s 

e,s 

m = AV /v. = 2000 x 10' 6 x 65.41/0.8557 = 0.153 kg/s 

s e,s i ° 

m =CLm = 0.1454 kg/s 
Compressible flow: 

T , = T. (P /P.) (k ' 1)/k = 298. 15(97. 5/100) 0 ' 2857 = 296 K 

C^S 1 0 1 

Ah = C AT = 1.0035 x 2.15 = 2.1575 =V 2 /2 

p e,s 

V =^2 x 1000 x 2.1575 = 65.69 m/s 

e,s 

v = 0.287 X 296/97.5 = 0.8713 m 3 /kg 

e,s 

m = A V /v = 2000 x 10' 6 x 65.69/0.8713 = 0.1508 kg/s 

s e,s e,s ° 

m = Cmn = 0.1433 kg/s 

a D s ** 
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Review Problems 
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15.82 

Atmospheric air is at 20°C, 100 kPa with zero velocity. An adiabatic reversible 
compressor takes atmospheric air in through a pipe with cross-sectional area of 
0.1 m- at a rate of 1 kg/s. It is compressed up to a measured stagnation pressure of 
500 kPa and leaves through a pipe with cross-sectional area of 0.01 m-. What are 
the required compressor work and the air velocity, static pressure, and 
temperature in the exit pipeline? 

C.V. compressor out to standing air and exit to stagnation point. 


m h . + W = m(h + V 2 /2) = mh 

ol c v 7 ex o,ex 


ms = ms 

ol o,ex 


p =p . 

r,o,ex r,ol 


(P t /P .) = 1.028(500/100) = 5.14 

SL,CX 0 1 

=^> T = 463 K, h = 465.38 kJ/kg, h = 209.45 kJ/kg 

o,ex o,ex ° ol ° 

W = m(h - h .) = 1(465.38 - 209.45) = 255.9 kW 

c v o,ex or v 7 


p =P (T /T ) 

ex o,ex v ex o,ex 7 


k/(k-l) 


T =T - v /2C 

ex o,ex ex p 


m = 1 kg/s = (pAV) = P AV /RT 


ex ex ex ex 


Now select 1 unknown amongst P , T , V and write the continuity eq. m 

° ex ex ex J 1 

and solve the nonlinear equation. Say, use T then 


V — a / 2C (T -T ) 

ex V p v o,ex ex 7 


m = 1 kg/s = P (T /T ) k/ k- 1 A /2C (T -T )/RT 

° o,ex v ex o,ex 7 V p v o,ex ex 7 ex 


solve for T /T (close to 1) 

ex o,ex v 7 


T = 462.6 K => V =28.3 m/s, P = 498.6 kPa 

ex ex ex 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


15.83 

2 

The nozzle in Problem 15.46 will have a throat area of 0.001272 rrT and an exit 
area 3.50 times as large. Suppose the back pressure is raised to 1.4 MPa and that 
the flow remains isentropic except for a normal shock wave. Verify that the shock 
mach number (M x ) is close to 2 and find the exit mach number, the temperature 

and the mass flow rate through the nozzle. 


jj* 

Since a shock is present we must have choked flow with M = 1, then the mass 

flow rate is maximum and follows Eq. 15.42 

. * k + 1 — (k+ 1 )/2(k— 1 ) 

m/A = P G ^k/RT 0 x [ — ] 


= 2000 kPa xl000\/ 1.4/(0.287 x 423.15 x 1000) m/s x 1.2 2 ' 4/ °' 8 
= 3929.72 kg/sm 2 


m = A x 3929.72 kg/sm 2 = 5 kg/s 


Assume M = 2 then 

X 

Table A.13: M =0.57735, P /P =0.72087, A c /A* = 3.50 

y oy ox Ex 

From A. 12, M = 2: A /A* = 1.6875, (upstream), 

X XX 

M =0.57735: A /A = 1.2225, (downstream) 

y y y 

Now since A y = A x then (see Ex. 15.9 page 734) 

AJA* = [A /A*] [A /A*] [A*/ A ] = 3.5 x 1.2225/1.6875 = 2.5356 

E y L E x J L y y J L x x J 

From A. 12 with A/A then: M c = 0.246, P c /P =0.95728 

E E oy 

P c = 0.95728 x 0.72087 x 2.0 = 1.38 MPa, OK close to the 1.4 MPa 

E 

T = 0.9876 x 423.15 = 418 K, 

E 
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At what Mach number will the normal shock occur in the nozzle of Problem 
15.53 if the back pressure is 1.4 MPa? (trial and error on M ) 

X 


Relate the inlet and exit conditions to the shock conditions with reversible flow 
before and after the shock. It becomes trial and error. 


Assume M =1.8 


X 


M =0.6165; P /P =0.8127 

y oy ox 


A /A* = A /A* = 0.002435/0.001516 = 1.6062 

Ex 2 

A /A* = 1.439 ; A /A* = 1.1694 

XX X y 


* 1.6062(1.1694) 

A /A = (A /A )(A /A )/(A /A ) = 7^77 Z = 1.3053 

E y v E x /v x y 7 v x x 7 


1.439 


M = 0.5189 ; P c /P =0.8323 

E E oy 


P =(P c /P )(P /p )P = 0.8323 x 0.8127 x 2000 = 1353 kPa <1.4 MPa 

E v E oy 7 v oy ox 7 ox 

So select the mach number a little less 


M = 1.7 


X 


M = 0.64055 ; P /P = 0.85573 

y oy ox 


A /A* = 1.3376 ; A /A* = 1.1446 

XX X y 


a f /a* = (a f /a*xa /a*)/(a /a*) = L6Q f (1 7 l 446) = 13744 

E y E x /v x y' v x x' 1.3376 

=> M c = 0.482 ; P c /P = 0.853 

E E oy 

P =(P /P )(p /p )p = 0.853 x 0.85573 x 2000= 1459.9 kPa 

E E oy 7 v oy ox 7 ox 


Now interpolate between the two 
M = 1.756 and we check 


X 


M =0.6266; P /P =0.832 

y oy ox 


A /A* = 1.3926 ; A /A* = 1.1586 

xx x y 

A /A* = 1.6062 x 1.1586/1.3926 = 1.3363 

E y 

=> M c = 0.5 ; P c /P = 0.843 

E E oy 

P c = 0.843 x 0.832 x 2000 = 1402.7 kPa OK 

E 


Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for 
testing or instructional purposes only to students enrolled in courses for which this textbook has been 
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



Borgnakke and Sonntag 


Solution using the Pr or vr functions 
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15.44 

A jet plane travels through the air with a speed of 1000 km/h at an altitude of 6 
km, where the pressure is 40 kPa and the temperature is -12°C. Consider the inlet 
diffuser of the engine where air leaves with a velocity of 100 m/s. Determine the 
pressure and temperature leaving the diffuser, and the ratio of inlet to exit area of 
the diffuser, assuming the flow to be reversible and adiabatic. 


RT 0.287 x 261.15 , 

V = 1000 km/h = 277.8 m/s, =~^~= ^ = 1.874 nr /kg 

h 1 = 261.48 kJ/kg, P f| = 0.6862 

h ol = 261.48 + 277.8 2 /2000 = 300.07 kJ/kg 
=> T , =299.7 K, P , = 1.1107 

The ratio of the pressures equals the ratio of the Pr functions when s = constant 
P =PP , / P = 40 x 1.1107/0.6862 = 64.74 kPa 

01 rol rl 

h, = 300.07 - 100 2 /2000 = 295.07 => T = 294.7 K, P = 1.0462 

2 2 r2 

P 2 = 64.74 x 1.0462/1.1107 = 61 kPa 

v 9 = RT 2 /P 2 = 0.287 x 294.7/61 = 1.386 m 3 /kg 

A,/A 2 = (v/v.XV^Vj) = (1.874/1.386)(100/277.8) = 0.487 
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Repeat Problem 15.44 assuming a diffuser efficiency of 80%. 


RT 0.287 x 261.15 o 

V = 1000 km/h = 277.8 m/s, v x = -y = ^ = 1.874 m 3 /kg 

hj = 261.48 kJ/kg, P fl = 0.6862 

h ol = 261.48 + 277.8 2 /2000 = 300.07 kJ/kg 

=> T , =299.7 K, P . = 1.1107 

ol ’ rol 


Same as problem 15.44, except 
r) D = 0.80. We thus have from 15.44 

h 3 -hj h 3 - 261.48 

h,-h, = 300.07 - 261.48 = °' 8 

=> h 3 = 292.35 kJ/kg, P f3 = 1.0129 
p = p = 40 x 1.0129/0.6862 = 59.04 kPa 

o2 3 

Pro2 = Prol = 1-1 107 
h 2 = 300.07 - 100 2 /2000 = 295.07 kJ/kg => T 2 = 294.7 K, P r2 = 1.0462 
P 2 = P o2 P r2 / P ro2 = 59.04 x 1.0462/1.1 107 = 55.6 kPa 

v 2 = RT 2 /P 2 = 0.287 x 294.7/55.6 = 1.521 m 3 /kg 

A 3 /A 2 = (v^XV/Vj) = (1.874/1.521) (100/277.8) = 0.444 
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Stagnation properties 
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15.85 


Steam leaves a nozzle with a velocity of 800 ft/s. The stagnation pressure is 100 


2 

lbf/in , and the stagnation temperature is 500 F. What is the static pressure and 
temperature? 


h = h , - V;/2= 1279.1 
1 01 1 


800 2 

2 x 32.174x 778 


1266.3 


Btu 

lbm 


Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 
Assume isentropic flow 

Sj = s q = 1.7085 Btu/lbm R 

(h, s) Computer table => P [ = 88 lbf/in. 2 , T = 466 F 
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15.86 

Air leaves the compressor of a jet engine at a temperature of 300 F, a pressure of 

45 lbf/in , and a velocity of 400 ft/s. Determine the isentropic stagnation 
temperature and pressure. 

h - h = V 2 /2 = 400 2 /(2 x 32.174 x 778) = 3.2 Btu/lbm 
01 1 1 v 7 

Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 

T - T - 1 = (h - h )/C = 3.2/0.24 = 13.3 

01 v 01 1 p 

T , = T + AT = 300 + 13.3 = 313.3 F = 773 R 
01 

P ol = Pj (Tj/T^kT = 45(773/759.67) 3 ' 5 = 47.82 lbf/in 2 
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15.87 


A meteorite melts and bum up at temperatures of 5400 R. If it hits air at 0.75 
lbf/in. , 90 R how high a velocity should it have to reach such temperature? 
Assume we have a stagnation T = 5400 R 

h + V 2 /2 = h 

1 1 stagn. 

Extrapolating from table F.5, h, tagn =1515.6, hj = 21.4 Btu/lbm 


Vj/2 = 1515.6 - 21.4 = 1494.2 Btu/lbm 
Vj = a/2x 32.174 x 778 x 1494.2 = 8649 ft/s 
Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 
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15.88 

9 9 

A jet engine receives a flow of 500 ft/s air at 10 lbf/in. , 40 F inlet area of 7 ft - 
with an exit at 1500 ft/s, 10 lbf/in. , 1400 R. Find the mass flow rate and thrust. 


m = pAV; ideal gas p = P/RT 


2 ir/2 


10 psi X 144 in7fr 7 

m = (P/RT)A V = go ,,, — n x 7 ft 2 x 500 ft/s 


53.34 lbf-ft/lbm-Rx 499.7 R 


= 189.1 lbm/s 


. „ .. 189.1 lbm/s x (1500 -500) ft/s 

F = m (V - V ) = . nA 1K — ,,, 2 ,, r =5877 lbf 

net v ex m 7 32. 174 lbm-ft/s -lbf 



<- 


F 

net 


The shaft must have axial load bearings to transmit thrust to aircraft. 
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15.89 

A water turbine using nozzles is located at the bottom of Hoover Dam 575 ft 
below the surface of Lake Mead. The water enters the nozzles at a stagnation 
pressure corresponding to the column of water above it minus 20% due to friction. 
The temperature is 60 F and the water leaves at standard atmospheric pressure. If 
the flow through the nozzle is reversible and adiabatic, determine the velocity and 
kinetic energy per kilogram of water leaving the nozzle. 

32.174 x 575 . , 

AP - p gAZ - g(AZ/v) - 0 016035 x 144 x 32.174 _ 249 lbf/lIL ' 

AP = 0.8AP = 199.2 lbf/in. 2 and Bernoulli vAP = V 2 /2 

ac ex 

V = y/2vA P = ^2gA Z = a/2x 32.174 ft/s 2 x 575 ft = 192.4 ft/s 

cx 

V 2 /2 = vAP = gAZ = 575/778 = 0.739 Btu/lbm 

CX 
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15.90 

2 

Find the speed of sound for air at 15 lbf/in. , at the two temperatures of 32 F and 
90 F. Repeat the answer for carbon dioxide and argon gases. 

We assume all gases can be treated as ideal gas behavior 
From eq. 15.28 we have 

c 32 = A/kRT = Vl-4 x 32.174 lbm-ft/s 2 -lbf x 53.34 lbf-ft/lbm-R x 491.7 R 
= 1087 ft/s 

c 9Q = Vl-4 x 32.174 x 53.34 x 549.7 = 1149 ft/s 
For Carbon Dioxide: R = 35.1 lbf-ft/lbm-R, k = 1.289 

c 39 = ^/l.289 x 32.174 x 35.1 x 491.7 = 846 ft/s 

c 9Q = a/ 1-289 x 32.174 x 35.1 x 549.7 = 894.5 ft/s 
For Argon: R = 38.68 lbf-ft/lbm-R, k = 1.667 

c 32 = ^/l.667 x 32.174 x 38.68 x 491.7 = 1010 ft/s 
c 9Q = 1.661 x 32.174 x 38.68 x 549.7 = 1068 ft/s 
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A jet flies at an altitude of 40 000 ft where the air is at -40 F, 6.5 psia with a 
velocity of 625 mi/h. Find the Mach number and the stagnation temperature on the 
nose. 

From Table F.4: k = C p /C v = 1.4; R = 53.34 ft-lbf/lbm-R 
Now do the speed of sound from Eq.15.28 

c = VkRT = y/l-4 x 32.174 lbm-ft/s 2 -lbf x 53.34 lbf-ft/lbm-R x 419.7 R 
= 1004 ft/s 

V = 625 mi/h = 625 (mi/h) x 1.46667 (ft/s) / (mi/h) = 917 ft/s 
M = V/c = 917/1004 = 0.913 

h 0 = hj + Vj/2 O 

917 2 

T o = T 1 + V T / 2C p = -40 + 2 x 0.24 x 25037 = 29,97 F 
Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 
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Steam flowing at 50 ft/s 200 psia, 600 F expands to 150 psia in a converging 
nozzle. Find the exit velocity and area ratio A e / Aj. 

Solve the problem with the steam tables. 

Inlet state: Vj = 3.058 ft 3 /lbm, hj = 1322.05 Btu/lbm, Sj = 1.6767 Btu/lbm-R 
Exit state: (P e ,s e = Sj) v e = 3.8185 ft 3 /lbm, h e = 1290.69 Btu/lbm 

Energy Eq.: V 2 / 2 + hj = V 3 / 2 + h e ; V 2 = V 2 + 2(hj - h e ) 

V e = a/50 x 50 + 2 x 25037 x (1322.05 - 1290.69) = 1254 ft/s 

Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 

Same mass flow rate so 

3.8185 50 

A e /Aj = (v e /v i )(V i /V e ) = Y05S x 1254 = (U)498 


If we solved as ideal gas with constant specific heat we get (k = 1.327) 

(k- 1 )/k 0.2464 

T e = Tj (Pg/Pi) = 1059.7 (150/200) = 987.2 R 

V e = + 2C p (Ti - T e ) = ^50 x50 + 2 x0.447 x25037(1059.7 - 987.2) 

= 1274.9 ft/s 


1/k 


A e /Ai = (v e /v i )(V i /V e ) = (Pi/P e ) (Vi/Ve) = 

= 0.0487 


200Y 17536 50 


150 


x 


1274.9 
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15.93 


9 9 

A convergent nozzle has a minimum area of 1 ft and receives air at 25 lbf/in. , 
1800 R flowing with 330 ft/s. What is the back pressure that will produce the 
maximum flow rate and find that flow rate? 


F =( k+I )k - 1 = 0 - 528 


Critical Pressure Ratio 


O 


Find P q : C p = (463.445 - 449.794)750 = 0.273 Btu/lbm-R from table F.5 


h Q = h t + \~l 2 


330 2 /2 

T q - 1800 + 25 Q37 x Q ^ 273 


T 0 = -T + V 2 /2C p 


= 1807.97 => T = 0.8333 T = 1506.6 R 

O 

hJl 


Recall conversion 1 Btu/lbm = 25 037 ft /s (= 32.174 x 778.1693) 
P q = p. (T 0 /T.) k/(k - 1) = 25 x (1807.97/1800) 3 ' 5 = 25.39 lbf/in. 2 

P* = 0.528 P = 0.528 x 25.39 = 13.406 lbf/in 2 


* P 
P = 


13.406 x 144 


RT* 53.34 x 1506.6 
V = c = \JkRT =\jlAx 53.34 x 1506.6 x 32.174 = 1902.6 ft/s 


= 0.024 lbm/ft 3 


m = pAV = 0.024 x 1 x 1902.6 = 45.66 lbm/s 
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15.94 


A jet plane travels through the air with a speed of 600 mi/h at an altitude of 

20000 ft, where the pressure is 5.75 lbf/in. and the temperature is 25 F. Consider 
the diffuser of the engine where air leaves at with a velocity of 300 ft/s. Determine 
the pressure and temperature leaving the diffuser, and the ratio of inlet to exit area 
of the diffuser, assuming the flow to be reversible and adiabatic. 

V = 600 mi/h = 880 ft/s 

v ! = 53.34 x 484.67/(5.75 x 144) = 31.223 ft 3 /lbm, 
h, = 115.91 Btu/lbm, 

h ol = 115.91 + 880 2 /(2 x 25 037) = 131.38 Btu/lbm 

Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 

Table F.5 => T , = 549.2 R, 

01 

P = P, (T ,/T,) k/fk - |j = 5.75 x (549. 2/484. 67) 3 ' 5 = 8.9 lbf/in. 2 

Ol 1 V Ol V V 

h 2 = 131.38 - 300 2 /(2 x 32.174 x 778) = 129.58 Btu/lbm 
T 2 = 542 R, => 

P 2 = P q1 (T 2 /T ol ) k/(k ' 1) = 8.9 x (542/549. 2) 3 ' 5 = 8.5 lbf/in. 2 

v 2 = 53.34 x 542/(8.5 x 144) = 23.62 ft 3 /lbm 

A,/A 2 = ( v 1 /v 2 )(V 2 /V 1 ) = (31.223/23.62)(300/880) = 0.45 
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15.95 

An air flow at 90 psia, 1 100 R, M = 0.3 flows into a convergent-divergent nozzle 
with M = 1 at the throat. Assume a reversible flow with an exit area twice the 
throat area and find the exit pressure and temperature for subsonic exit flow to 
exist. 

To find these properties we need the stagnation properties from the inlet state 
From Table A. 12: M ; = 0.3: P/P =0.93947, T/T =0.98232 

1 1 O 1 O 

P o = 90 / 0.93947 = 95.8 psia, T q = 1100/ 0.98232 = 1 1 19.8 R 
This flow is case c in Figure 15.13. From Table A. 12: A E /A* = 2 

P c /P =0.9360, T /T =0.98127 

E o E o 

P E = 0.9360 P o = 0.936 x 95.8 = 89.67 psia 
T c = 0.98127 T = 0.98127 x 1 1 19.8 = 1099 R 

E o 
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15.96 

Air is expanded in a nozzle from 300 lbf/in.2, 1 100 R to 30 lbf/in. 2 . The mass 
flow rate through the nozzle is 10 lbm/s. Assume the flow is reversible and 
adiabatic and determine the throat and exit areas for the nozzle. 



r 




P =P 


O 


V 


k+1 


k-l 


J 


= 300 x 0.5283 = 158.5 lbf/in. 2 . 

T* = T x2/(k+l)= 1100x 0.8333 = 916.6 R 




v =RT/P =53.34x 916.6/(158.5 x 144) 
= 2.1421 ft 3 /lbm 


The critical speed of sound is 

c* = -\/kRT* = yjlAx 32.174 x 53.34 x 916.6 = 1484 ft/s 

A* = mv*/c* = 10 x 2.1421/1484 = 0.0144 ft 2 

PJP =30/300 = 0.1 TableA.il => M* = 1.701 = V 0 /c* 

2 o 2 2 

We used the column in Table A. 12 with mach no. based on throat speed of sound. 


V 0 = 1.701 x 1484 = 2524 ft/s 
T, = 916.6 x 0.5176 = 474.4 R 

v, = RTyP, = 53.34 X 474.4/(30 x 144) = 5.8579 ft 3 /lbm 
A„ = mv„/V„ = 10 x 5.8579 / 2524 = 0.0232 ft 2 
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15.97 

A 50-ft 3 uninsulated tank contains air at 150 lbf/in. 2 , 1000 R. The tank is now 

discharged through a small convergent nozzle to the atmosphere at 14.7 lbf/in." 
while heat transfer from some source keeps the air temperature in the tank at 1000 

R. The nozzle has an exit area of 2 x 10 -4 ft 2 . 

a. Find the initial mass flow rate out of the tank. 

b. Find the mass flow rate when half the mass has been discharged. 

c. Find the mass of air in the tank and the mass flow rate out of the tank 
when the nozzle flow changes to become subsonic. 



P c /P = 14.7/150 = 0.098 < (P7P ) - t = 0.5283 

a. The flow is choked, max possible flow rate 
M =1 ; P = 0.5283 x 150 = 79.245 lbf/in. 2 

E E 

T = T* = 0.8333 x 1000 = 833.3 R 

E 

V E = c = VkRT* = Vl-4x 53.34 x 833.3 x 32.174 = 1415 ft/s 
v E = RT7P e = 53.34 x 833.3/(79.245 x 144) = 3.895 ft 3 /lbm 

Mass flow rate is : m, = AV„/v c = 2 x 10' 4 x 1415/3.895 = 0.0727 lbm/s 

1 EE 


b. 


m 1 = PjV/RTj = 150 x 50 x 144/53.34 x 1000 = 20.247 lbm 
m 7 = nij/2 = 10.124 lbm, P 9 = P } /2 = 75 lbf/in. 2 ; T 7 = Tj 

P B /P 2 = 14.7/75 = 0.196 < (P’/Ppcrit 

The flow is choked and the velocity is the same as in a) 


P E = 0.5283 x 75 = 39.623 lbf/in. 2 ; M R =1 

2 x IQ' 4 x 1415 x 39.623 x 144 
m 2 “ AV e P e /RT e “ 53.34 x 1000 


= 0.0303 lbm/s 
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c. Flow changes to subsonic when the pressure ratio reaches critical. 


P c /P =0.5283 P = 27.825 lbf/in. 2 

Bo 3 


V c = 1415 ft/s 

E 


m 3 = nijPyTj = 3.756 lbm ; 1^ = 1^ 

2 x 10‘ 4 x 1415 x 27.825 x 144 


m 3 ^^E^E^^E 


53.34 x 1000 


= 0.02125 lbm/s 
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15.98 

A flow of helium flows at 75 psia, 900 R with 330 ft/s into a convergent-divergent 
nozzle. Find the throat pressure and temperature for reversible flow and M = 1 at 
the throat. 


We need to find the stagnation properties first ( k = 1.667 ) 

T 0 = T { + Vj/2C p = 900 + 330 2 /(2 x 25037 x 1.24) = 901.754 R 

Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 
p 0 = P i (Tq/T^- 1 ) = 75 (90 1.7 54/900) 2 5 = 75.366 psia 


From the analysis we get Eqs. 15.37-38 


P* 

T* 


o 


T 


f 2 ^k/(k-l) 

k + 1 
2 




= 75.366 


v 




v 


2.5 


J 


0 k + 1 


= 901.754 x 


1.667 + 1 


1.667 + 1 

= 676.2 R 


= 36.7 psia 
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15.99 

The products of combustion enter a nozzle of a jet engine at a total pressure of 18 
lbf/in. , and a total temperature of 1200 F. The atmospheric pressure is 6.75 

lbf/in. . The nozzle is convergent, and the mass flow rate is 50 lbm/s. Assume the 
flow is adiabatic. Determine the exit area of the nozzle. 

P crit = p 2 = 18 x 0.5283 = 9.5 lbf/in. 2 > P amb 

The flow is then choked. 

T 2 = 1660 x 0.8333 = 1382 R 

V., = c 2 = ^/kRT = yjlAx 32.174 x 53.34 x 1382 = 1822 ft/s 
v, = 53.34 x 1382/9.5 x 144 = 53.9 ft 3 /lbm 

A = m yj V = 50 x 53.9/1822 = 1.479 ft 2 
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15.100 

A normal shock in air has upstream total pressure of 75 psia, stagnation 
temperature of 900 R and M x = 1.4. Find the downstream stagnation pressure. 

From the normal shock relations in Section 15.8 found in Table A. 13 we get 
M r = 1.4: P /P =0.95819 

x o y o x 

P = 0.95819 P = 0.95819 x 75 = 71.86 psi 

o y ox r 

Remark: The stagnation temperature would be unchanged (energy equation). 
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Nozzles, Diffusers and Orifices 
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15.101 


Air enters a diffuser with a velocity of 600 ft/s, a static pressure of 10 lbf/in. , and 
a temperature of 20 F. The velocity leaving the diffuser is 200 ft/s and the static 

pressure at the diffuser exit is 1 1.7 lbf/in. . Determine the static temperature at the 
diffuser exit and the diffuser efficiency. Compare the stagnation pressures at the 
inlet and the exit. 

V 2 

T ol = T 1 + 2g~c~ = 480 + 600 2 /(2 x 25 037 x 0.24) = 510 R 


c p 


Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 
T - T h | P , - P. 

ol 1 K-JL ol 1 


T 


l 


P,-P= 2.1875 => P , = 12.2 lbf/in. 2 

ol 1 ol 


T =T 

o2 ol 


T = T - V 2 /2C = 510 - 200 2 /(2 x 25 037 x 0.24) = 506.7 R 

2 o2 2 p v 7 

T - T f | P , - P. 

ol 1 K-l ol 1 


T 


l 


k)2 ‘ E k-l ^02 " ^2 


P , - P, = 2.1875 => P = 12.2 lbf/in. 2 

ol 1 ol 


P . - P = 0.267 => P = 11.97 lbf/in. 2 

02 2 02 


T 2 - k P z 
T = T, (P 0 /P,) (k ' lvk = 480 R x 1.0528 = 505.3 R 

ex,s 1 v o2 1 

T ex ,s " T i 505.3 -480 ncil 
T| = — — = — — — 7^— = 0.844 


'd T -T 

ol 1 


51-480 
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15.102 


Repeat Problem 15.94 assuming a diffuser efficiency of 80%. 


From solution to 15.94 

h 1 = 115.91 Btu/lbm, Vj = 31.223 ft 3 /lbm 

h ol = 115.91 + 880 2 /(2 x 25 037) 

= 131.38 Btu/lbm 

Recall conversion 1 Btu/lbm = 25 037 ft 2 /; 
(= 32.174x778.1693) 

Table F.5 => T , = 549.2 R, 

Ol 



= (h 3 - h 1 )/(h ol - hp = 0.8 => h 3 = 128.29 Btu/lbm, T 3 = 536.29 R 
P o2 = P 3 = P i (T 3 /T 1 ) k/ ( k - 1) = 5.75 x (536. 29/484. 67) 3 ' 5 = 8.194 lbf/in. 2 
T =T , = 549.2 R 

OZ Ol 

h 2 = 131.38 - 300 2 /(2 x 25 037) = 129.58 Btu/lbm 


T 2 = 542 R, => 

P 2 = P q2 = 8.194 x (542/549. 2) 3 ' 5 = 7.824 lbf/in. : 

53.34 x 542 


V 2 7.824 x 144 


= 25.66 ft 3 /lbm 


A/A, = v V>,V = 31.223 x 300/(25.66 x 880) = 0.415 
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15.103 

A convergent nozzle with exit diameter of 1 in. has an air inlet flow of 68 F, 14.7 

lbf/in. (stagnation conditions). The nozzle has an isentropic efficiency of 95% 
and the pressure drop is measured to 20 in. water column. Find the mass flow rate 
assuming compressible adiabatic flow. Repeat calculation for incompressible 
flow. 

Convert AP to lbf/in 2 

AP = 20 in H 2 0 = 20 x 0.03613 = 0.7226 lbf/in 2 
T Q = 68 F = 527.7 R P Q = 14.7 lbf/in 2 

Assume inlet V. = 0 P = P n - AP = 14.7 - 0.7226 = 13.977 lbf/in 2 

i e 0 

T = T 0 = 527 ' 7 X^ff^ 0 ' 2857 = 5 20 - 15 R 


\~/2 = h. - h = C (T. - T ) = 0.24 x (527.7 - 520.15) = 1.812 Btu/lbm 

e 1 e d v 1 e 7 v 7 


V 2 /2 = n V 2 /2 = 0.95 x 1.812 = 1.7214 Btu/lbm 

e ac 1 e 


V = v/2 x 25 037 x 1.7214 = 293.6 ft/s 

e ac * 

Recall conversion 1 Btu/lbm = 25 037 ft 2 /s 2 (= 32.174 x 778.1693) 

V 2 /2 1 7714 

T = T. - — t 22 — = 527.7 - = 520.53 R 

e ac i L 0.24 

P 


13.977 x 144 


P = 


eac RT 53.34 x 520.53 

e ac 

n ,l. i2 


= 0.07249 lbm/ft 3 


m = pAV = 0.07249 x ^ x (y^) z x 293.6 = 0.116 lbm/s 


r o 14.7 x 144 , 

Incompressible: p. = = 53 34 x 527 7 = 0-0752 lbm/ft 

, AP 0.7226 x 144 

V 2 /2 = v. (P. - P ) = — = — = 1.7785 Btu/lbm 

e 1 v 1 e y p. 0.0752 x 778 

V 2 /2 = p V 2 /2 = 0.95 x 1.7785 = 1.6896 Btu/lbm 

eac 1 e 

V = v/ 2 x 25 037 X 1.6896 = 290.84 ft/s 

e ac v 

m = pAV = 0.0752 x | x (^) 2 x 290.84 = 0.119 lbm/s 
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